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   Supramolecular self-assembly systems based on non-covalent interactions have many 
applications in various fields and processes through fabrication energetically stable multi-
molecules (supramolecular) structures/items in a flexible pattern. Host-guest interactions 
between cyclodextrins and copolymers provide the driving force of many self-assembly 
systems. The affinity of host to guest, shape, conformation and size correlation between 
host and guest play a great role in the formation of supramolecular systems. 
   The research was focused on host-guest interactions involving cyclodextrins (α-CD, β-
CD, and γ-CD) and copolymers of different chain architectures such as triblock, star-
shaped, or dendritic copolymers. A number of supramolecular self-assembly systems 
based on such copolymers and cyclodextrins were fabricated and studied. 
   First, linear biodegradable triblock copolymer of poly(ε-caprolactone)–
poly(tetrahydrofuran)–poly(ε-caprolactone) (PCL–PTHF–PCL)   was found to form the 
crystalline inclusion complexes (ICs) with α-, β-, and γ-CDs in different modes. All the 
three ICs were prepared in high yields from aqueous medium. The ICs were characterized 
by XRD, 13C CP/MAS NMR, 1H NMR, FTIR, DSC, and TGA. Although PCL–PTHF–
PCL triblock copolymer forms ICs with all α-, β-, and γ-CDs, the ICs adopt different 
structures depending on the sizes of the internal cavities of CDs. From compositions of 
the ICs based on 1H NMR and DSC results, only the two flanking PCL blocks are 
included and covered by α-CD in the α-CD–PCL–PTHF–PCL IC, while all three blocks 
are included in β-CD channel and take a contracted structure, and two PCL–PTHF–PCL 
copolymer chains are included by the largest γ -CD in a double-strand mode. The TGA 
analysis revealed that the ICs had better thermal stability than their free components due 
 VI
to the inclusion complexation, suggesting that the complexation stabilized the copolymer 
included in the CD channels. 
   The second supramolecular system was formed between CDs and star poly(ethylene 
glycols) (PEG) with the ends capped by pyrene. Pyrene was adopted as both fluorescent 
probe and guest molecule in the formed supramolecular system. 1H NMR, rheology, 
fluorescence measurements were adopted to investigate interactions between the pyrnene 
end-capped star polymers and α, β, and γ cyclodextrins Considering the different patterns 
of excitation fluorescent spectra of α, β, γ-CD with the polymer terminated with pyrene 
and various ratios of Ieximer/Imonnomer , it was concluded that α-CD shows no interaction 
with the copolymers, while the cavity of β-CD includes only one pyrene end, and γ-CD 
includes two pyrene ends from different polymer chains. Rheologicial measurements 
showed that the addition of  γ-CD could increase viscosity of the aqueous solution with 
the star copolymers magnificently, which indicated that the formation of inclusion 
complexes between pyrene terminals from star copolymers and γ-CD, and  the complexes 
could act as crosslinking sites and result in the gelation of the copolymers. Kinetic studies 
showed that the self-assembly complex can be formed fast, and rheological 
measurements verified strength of the supramolecular hydrogel formed was much better 
than that of PEG counterparts with hydroxyl end.  
. Finally, polyamidoamine (PAMAM) dendrimers G0.5 with β-CD on the 
periphery surface and linear methylxoy PEG (2k) with adamantane at one end were used 
to construct micelle-like supramolecular structures. 1H NMR was adopted to monitor the 
self-assembly procedure. Peaks of adamantane showed a 0.1 ppm shift  to low field, and 
indicated the formation of the inclusion complexes between   adamantane and   β-CD. 
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Conjugating with β-CD as host sites on the periphery outface of PAMAM G0.5, the 
modified PAMAM-β-CD dendrimers act as a macromolecular core in aqueous solution, 
while the strong complexation between β-CD cavities and adamamtane links a few PEG 
chains to this core, and form a PEG shell similar to that in the micelles of an amphiphilic 
block copolymer. Spontaneous aggregation of  supramolecular self-assembly systems 
between  PAMAM-β-CD and mPEG-Ad was driven by  the high affinity complexation of 
apolar cavities of  β-CD and adamantane under hydrophobic interactions. Images of AFM 
and TEM also testified the morphology of the formed micelle-like  nanoparticles. 
  The study has demonstrated that the size correlation between the cavities of CDs and the 
binding sites of the copolymers plays a key role in the formation of the self-assembly 
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    Molecular chemistry is mainly concerned with uncovering and mastering the rules 
that govern the structures, properties, and transformations of molecular formed  
species by covalent bonds,1 while much more complex biological related structure, 
self-assembly and self-recognition behavior require some insight on  the aggregation 
of single molecules by non-covalent interactions, including H-bonding, 
hydrophobic/hydrophilic, ionic etc.2 Self–assembly and self-recognition have many 
applications in  various fields and processes, including formation of double helix of 
DNA, and organization phospholipids into two-layer membrane in the biological 
process,3 self-assembled monolayers (SAMs),4 aggregates (micelles and liposome) 
derived from surfactant systems,5 host-guest inclusion complexes, 6-7 phase-seperated 
block polymers,8 and aggregated structures of mesoscale in chemistry and material 
science.9  
   Supramolecular chemistry may be defined as “chemistry beyond the molecule”, 
bearing on the organized entities of higher complexity that result from the association 
of two or more chemical species held together by intermolecular forces. Its 
development requires the use of all resources of molecular chemistry combined with 
the designed manipulation of non-covalent interactions so as to form supramolecular 
entities. 10  
   In the studies of host-guest interactions, the host molecules may be crown ether,11 
crytands,12cyclophane,13 and calixarenes.14 However those host molecules are only 
suitable to capture small molecules like lithium, potassium, chloroform, and 
benzene,15 and therefore more suitable host molecules should be adopted to recognize 
and respond sensitively to much more complicated guest compounds. Cyclodextrins 
seem  suitable candidates to that purpose. 
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   Most common cyclodextrins (CDs) are cyclic oligosaccharides of six to eight 
glucose units linked by α-1,4 linkage, which are called α-, β-, γ-CD respectively. 
Since the discovery of cyclodextrins in 1891,16 a large number of  reports of inclusion 
complexes based on CDs and small molecules have been published.17-18   In recent 
years, with more interest focused on macromolecular recognition to mimic biological 
interactions, cyclodextrins are widely used as hosts to fabricate supramolecular 
systems for drug release, gene delivery and scaffold for tissue engineering. Size-
correlated properties and hydrophobic cavities provide some tools to study insight of 
interactions between CDs and polymers, while some special properties also come with 
certain supramolecular topological  structure. Polyrotaxanes, inclusion complexes, 
hydrogels are just some examples of CD as fundamental block in the formed system. 
Host-guest inclusion complexation between cyclodextrins (CDs) and guest molecules 
affords supramolecular self-assembled polymeric systems. 
   Gels can be defined as a two-component, colloidal dispersion with a continuous 
structure with macroscopic dimensions that is permanent on the time scale of the 
experiment and is solid like in their rheological behavior, 19 while hydrogels are just 
composed of network formed by hydrophilic polymers dispersed in aqueous solution. 
Due to their highly hydrating properties, which might cause a minimum irritation as 
biomaterials, hydrogels play a great role in biological applications,20-21 like drug 
release and tissue engineering.22-23  
   Dendrimer, like poly(amidoamine) (PAMAM), has a core and a scaffold of repeat 
unit and surface functional groups.24 The properties of a dendrimer should be 
influenced mainly by  the outer surface, while secondary amine and amide  groups on 
the scaffold also have some effects on properties like polarity, and ionization at 
different pH values.25 For example, if the core and branch repeat units adopt 
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hydrophobic structures, dendrimers terminated with amine, carboxyl, hydroxyl 
hydrophilic surfaces could be regarded as mimetic of micelles in aqueous solution for 
its core-shell sturcture.26 By modifying terminal groups with suitable host molecules, 
dendrimers could be used to fabricate supramolecular aggregation systems as  suitable 
scaffolds to from certain topological structures. 
   This thesis covers the investigation of supramolecular aggregations based on 
copolymers and cyclodextrins, including interactions between cyclodextrins and 
polymers with various terminals, and special patterns formed thereof. 
       The specific goals of this study are listed below: 
1) To prepare pseudopolyrotaxane fabricated by triblock copolymer of poly(ε-
caprolactone)–poly(tetrahydrofuran)–poly(ε-caprolactone) and  α-, β-, and γ-
CDs, and explore various modes of threading and block selective properties 
when α-, β-,  γ-CDs are involved in the process of formation of inclusion 
complexes (ICs); 
2) To prepare supramolecular hydrogels based on multi-arm poly(ethylene glycol) 
(PEG) terminated with pyrene and CDs, and to elucidate the mechanism of  
hydrogel formation and interaction modes of polymer terminals with various 
types of  CDs; 
3) To develop supramolecular aggregation based on poly(amidoamine) 
(PAMAM)G0.5 with β-CD attaching at the periphery surface and  
methylxoxy-PEG terminated with adamantane, and to study the process of self 
assembly supramolecualr aggregation structures formation.  
   Inclusion complexes (ICs) formation between biodegradable poly(ε-caprolactone)–
poly(tetrahydrofuran)–poly(ε-caprolactone) (PCL–PTHF–PCL) tri-block and α-, β-, 
and γ-CDs are reported in Chapter 3. Size correlation between the cross-sectional 
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areas of the polymer chains and the cavity internal diameters of CDs determine the 
different modes of inclusion and coverage of block when α-, β-, and γ-CDs are chosen 
as guests.27 Based on the results of 1H NMR and DSC, it is proposed that the two 
flanking PCL blocks are included and covered by α-CD in the α-CD−PCL-PTHF-
PCL IC, while the two PCL blocks as well as the middle PTHF block are included 
and covered by β-CD in the β-CD−PCL-PTHF-PCL IC; and  PCL-PTHF-PCL 
copolymer is probably included and covered by γ-CD in a double-stranded mode in 
the γ-CD−PCL-PTHF-PCL IC. 
   Telechelic polymers with hydrophobic terminals have been widely studied as 
thickener and viscosity modification reagent. Chapter 4 reports supramolecular 
hydrogel based on multi-arm PEGs end-capped with pyrene and γ-CD. Pyrene as 
hydrophobic moiety can be included into the cavities of β-, γ-CD in different modes, 
while the interactions form the physical crosslinking sites needed to fabricate the 
network of hydrogel in the case of γ-CD. Fluorescent measurements and viscosity 
tests confirm that two pyrene molecules from different PEG blocks included into γ-
CD cavities should be the driving force of the hydrogel formation. 
   Dendrimers cause interest recently for their unique structure, with monodiperse 
molecular weight, highly branch structure, and multi reaction sites/functional groups 
at the periphery surface. Chapter 5 reports supramolecular self-aggregation micelle-
like structures based on poly(amidoamine) conjugated with β-CD and methyloxy-
PEG with adamantane terminals. Due to its high affinity to β-CD, adamantane is 
chosen as hydrophobic host terminal to conjugate to the end of methyloxy-PEG-OH 
(Mn=2k). 6-Deoxy-6-(aminoethylamino)-β-CD is attached to periphery surface of 
poly(amidoamine) (PAMAM) G0.5 by coupling reaction. The formed PAMAM G0.5-
βCD is chosen as “core” to fabricate self-assembly supramolecular micelles structure, 
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when methyloxy-PEG terminated with adamantane(mPEG-Ad) is included into 
cavities of β-CD and form the outer “shell”. Variants such as  particle size of various 
combinations of   PAMAM G0.5-βCD and mPEG-ad are also studied. 
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2.1 Supramolecular Chemistry 
  
   The pioneers in this field are Cram,1 Lehn2-4  and Perdersen5, who introduced the 
supramolecular concept and entity in 1960s. Since then, scientists have shifted their 
interests from the synthesis of sophisticated single molecules up to 400---1000 atoms 
linked by covalent bonds to the fabrication much more complexed structure items 
made of more than 1000 atoms by non-covalent linking. 
   Supramolecular  chemistry focuses on the intermolecular bond that binds molecules 
by weak interactions such as dispersion force, hydrogen bonding, hydrophobic effects 
etc. to fabricate energetically stable multi-molecular (supramolecular) structures/items 



















Figure 2.1 From molecules to supramolecular chemistry: molecules, supermolecules 
and supramolecular devices.7  
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   Supramolecular interactions8 have been used to mimic DNA helices or folding of 
proteins,9 generate organogels,10 or hydrogels.11-13  Non-covalent interactions for the 
controlled and  reversible assembly of functional entities are one of the most 
important aspects of supramoleular chemistry. 
 
2.2 Host-Guest Chemistry 
   In one of its most important forms, suprmolecular chemistry is concerned with the 
structure and dynamics of a small molecule (guest) that is noncovently bound to a 
larger molecule (host), then forms host-guest complexes. In the process of  molecular 
recognition, the affinity of host to guest is largely dependent on the interactions 
between host, guest and the dispersing medium which are influenced by temperature, 
concentration and pressure. Shape, conformation and size correlation between host 
and guest plays a great role in the formation of complex.14  
   Host molecules can be divided into two types: host with concave cavity 
(cyclodextrins, cyclophanes, calixarenes etc.) and host formed by aggregation of 
inclusion compounds in certain patterns (urea).14 Intermolecular interactions are 
mainly involved in electrostatic interaction, hydrogen bonding, cationic-π, π-π  
stacking, van der Waal’s force, with strength ranging from several hundred kJ/mol to 
less than 5 kJ/mol. Such intermolecular forces are weaker than covalent bonds, while 
they grant the supramolecular complexes more kinetic lability, and dynamic 
flexibility.8  
   There are different choices of hosts for cationic, anionic, and neutral guest species. 
The common hosts are neutral host molecules, and they hold guests by non covalent 




         
                    (a)                                                                         (b)                                        
                           
                                                        (c) 
Figure 2.2 Samples of host molecules (a) 18-crown-6; (b) cryptand [2,2,2]; (c) 
calix[4]arene. 
 
Table 2.1 Classifications of common host-guest compounds of neutral hosts.15 
Host Guest Interaction 
Crown ether Metal cation Ion-dipole 
Spherand Alkyl ammmonium Hydrogen bonding 
Cyclodextrin Organic molecules Hydrophobic/van der Waals 
Water Organic molecules, 
halogen etc 
van der Waals/crystal packing 
Calixarene 
 
Organic molecules van der Waals/crystal packing 
Cyclotriveratrylene 
 
Organic molecules van der Waals/crystal packing 
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   Among various supramolecular assembly items, micelles, hydrogels, rotaxanes and 
polyraotanxanes/polypsedorotanxanes are some most important species with various 
applications.  
 














































2.3 Rotaxanes, Polyrotaxanes and Inclusion Complexes (IC) 
2.3.1 Introduction 
   Rotaxanes are molecular species with cyclic molecules (one or more rings) threaded 
onto axes (one or more) without covalent binding between rings and axes, where 
bulky molecules (stoppers) are covalently linked to the ends of the axis.16-18 Most 
common procedures for fabrication of rotaxanes  are shown in Figure 2.3 . 
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Figure 2.3 Three different approaches to the construction of rotaxane: (a) clipping; (b) 
threading; (c) slippage.19  
 
   Polyrotaxnes could be formed if many cyclic molecules thread onto a polymer chain 
and terminated with bulky stoppers, while pseudopolyrotaxanes are formed if  no 
stoppers cover  both free ends of polymer chain. Various types of polyrotaxanes have 
been fabricated, but two major types are the most common species: main-chain and 
side chain polyrotaxanes shown in Figure 2.4. Due to the lack of specific interaction 
between axis and ring, extra interactions, like host-guest  interactions,  should be 
introduced to get high yields.19, 20  
   Inclusion complexes can be formed when one molecule fits or threads into the 
cavity of host molecule and form stable structure by non-covalent interactions. In 
many cases, rotaxanes/polyraotaxanes are fabricated by the inclusion complexation 
through host-guest interactions. 
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Figure 2.4 Various tapes of polyrotaxane.20 
 
2.3.2 Polyrotaxane and Inclusion Complexes (IC) Based on Cyclodextrins   
2.3.2.1 General Description of Cyclodextrins (CDs) 
   Cyclodextrins (CDs) are cyclic oligomers of glucopyranose,21 where the most 
common species are composed of 6, 7, 8 D-glucose units connected by α-1,4 linkage, 
and named as α-, β-, γ-CD respectively. CDs take a toroidal shape with the primary 
hydroxyl groups at narrow rim and the secondary hydroxyl groups at the wide rim 
(Figure 2.5). In detail, the annular structure of CD is fabricated with O(2)H and 
O(3)H secondary and O(6)H primary hydroxyl groups lying at wide and narrow 
hydrophilic ends respectively, and hydrophobic interiors lined with H(3), H(5), H(6) 
hydrogens and O(4) ether oxygens. The cavities formed by the annular structures 
provide a hydrophobic matrix  with hydrophilic outer surface. The inner wall of CD 
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comprises mainly methylene and methine groups, therefore the cavity of CD exhibits 
hydrophobic charater and accommodates hydrophobic guest molecules. 
 
 
     
 























Table 2.3 Some Parameters of α-CD, β-CD, and γ-CD.22 
 
 α-CD β-CD γ-CD 
Number of glucose units 6 7 8 
Molecular weight (anhydrous) 972.85 1134.99 1297.14 
Solubility (g/100 g H2O) at 298.2 K 14.5 1.85 23.2 
Annular diameter measured from the 
C(5) hydrogens (Å) 
4.7 6.0 7.5 
Annular diameter measured from the 
C(3) hydrogens (Å) 
5.2 6.4 8.3 
Annular depth form the primary to the 
secondary hydroxyl groups (Å) 
7.9-8.0 7.9-8.0 7.9-8.0 
Diameter of outer periphery (Å) 14.6±0.4 15.4±0.4 17.5±0.4 
Annular volume (Å3) 174 262 472 
Partial molar volumes (cm3/mol) 611.4 703.8 801.2 
αD (deg) +150.5 +162.5 +177.4 
pKa of O(2)H and O(3)H at 298.2 K 12.33 12.20 12.08 
 
 
2.3.2.2 Inclusion Complexes between Small Molecules and Cyclodextrins 
 
   CDs have been found to be able to form inclusion complexes with various small 
guest molecules, like noble gases, aldehydes, halogens, paraffins, alcohols, carboxylic 
acid, aromatic dyes, benzene derivates, and salts.23  Due to rather rigid structure of CD, 
the guest molecules should be fitted into the CD (host) cavity fully or partially. The 
formed complexes result in some advantages for the guest molecules, like protection 
against oxidation and destruction by UV light, improvement of the solubility of 
hydrophobic substance  in aqueous media,24 alteration of chemical reactivity, and 
stabilization of volatile compounds.25  Therefore, CDs are widely used in food,25 
pharmaceuticals,26 cosmetics,27  environment protection etc.28 
   As aforementioned, many low molecular weight hydrophobic  molecules could form 
inclusion complexes with CDs spontaneously. Van der Waal interaction and 
hydrophobic interaction are the main driving forces of complexes formation of CD, 
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while enthalpy-entropy compensation is also involved in the process, and   
electrostatic and hydrogen bonding will affect the conformation of inclusion 
complexes formed.29-30 Size correlation of CDs and guest molecules or certain 
functional groups is a determining factor to the formation of IC, and thermodynamic 
interactions among the components in the systems (CD, guest, solvent) also have 
great influences on the process of formation.31-33  
   In most cases, the inclusion complexes between CDs and low molecular weight 
molecules can be isolated in their crystalline form. Packing CD molecules in the 
crystal lattice can occur in three modes: channel, cage herringbone, and brick 
structure as shown in Figure 2. 6.34 
 
2.3.2.3 Inclusion Complexes between Polymers and Cyclodextrins 
 
   In recent years, besides low molecular weight molecules, inclusion complexes 
between CDs and polymers have been extensively studied during the investigation of 
various physical, chemical and biological processes, especially in the study to mimic  
enzyme-substrate interaction and macromolecular recognition.35  
   In 1990, Harada prepared crystalline inclusion complexes in high yield with 
poly(ethylene glycol) (PEG) of various molecular weight and α-CD, and the formed 
IC is a channel type pesudopolyrotaxane and with stoichiometric ratio (ethylene 
glycol unit: CD = 2:1). 36 As β-CD is concerned, no complexes are formed at all with 
PEG of various molecular weight, and form IC with poly(propylene glycol) (PPG) in 
high yield,37 where γ-CD could host two strands of PEG chain with bulky termials 
through its host cavities in the formed IC.38 Different results hint that polymer 
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Figure 2.6 Schematic description of (a) channel type, (b) cage herringbone type, and 
(c) cage brick type crystal structures formed by crystalline cyclodextrin inclusion 
complexes.  
 
properties and size correlation with CDs plus terminal groups will effect the formation 
of IC during self-assembly process.  
   Since then, various polymers have been found to form ICs with  α-, β-, γ-CD 
respectively, such as ICs formed by poly(isobutylene) (PIB) with β- and  γ-CD;39 
poly(propylene glycol) (PPG) with β- and  γ-CD;40 nylon with α and β-CD;41 
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poly(dimethylsiloxane) (PDMS) with β-, γ-CD;42 poly(acrylonitrile)(PAN) with γ-CD; 
43 poly(ε-lysine) only with α-CD;44 poly(caprolactone) (PCL) with α-, β-, and γ-CD.45 
The size correlation between the cross-sectional area of the polymer chains and the 
cavities of CDs plays an important role in the IC formation.46 
   Block copolymers with segments of various cross-section areas show some different 
properties compared to their homopolymer counterparts. ICs formed by pluronic 
(PEG-PPG-PEG tri-block copolymers) and β-CD  with end-capping with FITC 
(fluorescein isothiocyanate) show temperature responsive property. With increasing 
temperature, the majority of threaded β-CD will move towards PPG segment, even 
though some β-CDs  may reside PEG blocks.47 It is known that the homopolymer of 
PPO chain is too large to penetrate the inner cavity of α-CD, but ICs can be formed by 
reversible pluronic (PPG-PEG-PPG tri-block copolymers) and α-CD. α-CD 
selectively thread the middle PEG block to form a polypseudorotaxane after sliding 
through the flanking PPG blocks. It is thought that the enthalpic driving force of 
complexing α-CD with the PEG block can overcome the energy barrier of sliding α-
CD over the relatively bulky PPG blocks.48 CDs translocate different segments of 
block copolymer selectivly, which can be named as “site-selective complexation”. It 
is also possible for different CDs to complex with a block copolymer in a programed 
way.49 Partial complexation might increase the solubility of ICs formed, for reason 
that the uncovered hydrophilic block could still contribute to solubility.50  
   Some inclusion complexes can be fabricated between CDs and end-group modified 
polymers. Complexes formed between adamantane end-capped  PEG and β-CD 
oligomer are found that  viscosity is increasing and particle size distribution patterns 
are also varied.51 The association of a loose network in aqueous solution is driven by 
the inclusion complexes through threading adamantane terminals into cavities of   β-
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CD oligomer. By chosing suitable guest molecules with high affinity to certain type of 
CDs, including adamantane, naphthyl, dinitrobenzyol etc,52-53 supramolecular 
aggregations based on the formation of inclusion complexes can be easily fabricated. 
 
2.3.3 Structures and Properties of  Inclusion Complexes 
   Except for a few cases, including water-soluble complexes from CDs and 
polyelectrolytes, such as poly(iminooligomethylenes),54 polyiones55, and 
poly(oligomethylenebipyridinium dibromide)s56 at the ionized state, most of the ICs 
formed between polymers and CDs can  be collected in a crystalline state. In most 
cases, ICs formed by polymers and CDs show a channel-like structure. According to 
the X-ray diffraction patterns of ICs formed by small molecules, the structure of 
polymer ICs can be identified from their spectra of X-ray diffraction patterns. The 
prominent peak around 2θ = 20.0° is the indicator of ICs between polymers and α-
CD,57-58 while the peak at ca. 8.0° is specific to ICs between polymers and γ-CD. A 
strong peak at ca. 11.7° is the fingerprint peak for ICs between polymers and β-CD. 
Such peaks indicate that  the ICs with a channel type structure.58 
   From the stoichiometric study of α-CD and PEG ICs, a ratio of ethylene glycol to 
CD of 2:1 indicates that PEG chain take a fully stretched conformation, due to reason 
that the length of two ethylene glycol units equals to the depth of cavities of α-CD. 
CD rings are closely threaded along the polymer chain in the IC. If size-correlation of 
CDs and polymers could fit, ICs formed by polymers will take similar structures of α-
CD and PEG ICs. 
   It has been validated that the formation of ICs can improve thermal stability of both 
polymers and CDs.59-61 After complexation, polymer chains are included and 
separated by densely packed CDs, and so the aggregation of polymer chain or block is 
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severely reduced, and the mobility of polymer chains is  also restricted. In most cases, 
the glass transition temperature of polymer will increase and total melt of enthalpy 
will reduce significantly. 
 
2.4 Hydrogels and Supramolecular Hydrogels  
2.4.1 Gels and Hydrogels 
   According to Flory’s definition based on structural criteria, gels can be divided into 
the following four types as below:62  
 1.Well-ordered lamellar structure, including gel mesophase; 
 2.Covalent polymeric networks, completely disordered; 
            3.Polymer networks formed through physical aggregation, predominantly     
disordered, but with regions of local order; 
 4.Particulate disordered structure. 
   In general, gels can be regarded as ordered solid aggregations with two or more 
components and elastic properties in its dispersing medium.63 If gels are prepared or 
formed in water or biological fluids, hydrogels will appear as cross-linked swollen 
networks.  
   Due to their highly hydrating properties, hydrogels could be immunotolerant matrix 
and mimic substitution to nature tissue, which minimizes irritation to living tissue 
used in vivo.64 Tissue engineering and drug release systems based on hydrogels are 
developed and investigated intensively. 
 
2.4.2 Classification of Hydrogels 
   Based on different criteria, such as source, constitution, and cross-linking methods, 
hydrogels can be categorized into different types shown in Figure 2.7. Therefore the 
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most common classification is based on the cross-linking methods: chemical and 
physical hydrogels. 
   Hydrogels are cross-linked networks formed by hydrophilic polymers/gelators 
swollen in water or aqueous solution.65 Cross-linking is the prerequisite of keeping 
the integrity of hydrogels from dissolution in an aqueous environment. There are two 
types of methods of cross-linking: chemical and physical, and interactions or bonding 
forces include molecular entanglement, ionic, hydrogen bonding, hydrophobic force, 
stereocomplexes and microcrystalline aggregations.66-67  
                
                           Figure 2.7  General classification of gels. 
 
   Radical polymerization of water-soluble monomers in the presence of crosslinker,68 
or cross-linking of water-soluble polymers between the functional groups by addition 
or condensation reaction, can result in chemical hydrogel.69-70 For example, hydrogels 
are prepared  by polymerization of N-isopropylacrylamide (NIPAAM) and 
(diethy1amino)ethyl methacrylate (DEAEMA).71  
   Due to the absence of toxic cross-linking reagents and reversible properties, 
physical hydrogels have some advantages over chemical hydrogels. The networks of 
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physical hydrogels are formed by non-covalent cohesion forces, including ionic, 
hydrogen bonding, van der Waal forces, hydrophobic interactions, stereocomplex and 
crystallization.72 Without covalent cross-linking sites, the physical hydrogels can be 
tailored to process “smart” properties, which could grant the formed hydrogels 
properties to respond to the stimulus from environment, including pH, temperature etc.   
   Hydrogels form pluronic (PEO-PPO-PEO tri-block copolymers) show its sol-gel 
transition under certain temperature ranges according to ratio of PPO/PEO; and 
copolymers of  poly(N-isopropylacrylamide) (NIPAAM) could finish phase trasition 
around 32°C (LCST) by copolymerization of other monomer with different 
hydrophobicity,69 which indicate the hydrophobic interaction of NIPAAM blocks is  
main driveing-force for the formation of networks.73 Some hydrogels formed by 
triblock amphiphilic polymers poly(ethylene glycol)-poly(L-lactide)-poly(ethylene 
glycol) (PEG-PLLA-PEG) also show temperature-induced gelation, and their 
transition temperature can be modified by changing the molecular parameters of 
triblock copolymer, such as hydrophobic block length.74-75 
 
2.4.3 Supramolecular Hydrogels and CD based Hydrogels 
   Recently, the unconventional supramolecular hydrogels resulting from small 
organic molecules and the inclusion complexation (IC) of CD molecules with other 
polymers have attracted much attention due to their potential applications as novel 
drug delivery systems and tissue engineering.76-77 
   Gelations of small gelator molecules are self–associated to form polymer-like 
fibrous aggregation and tangled together to tapping the water via surface tensions.78-79 
Conventional amphiphiles with a polar head (carboxylic acid, sugar and phosphate 
etc.) and one or two hydrophobic tails), bolaamphiphiles (two-headed amphiphiles), 
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and gemini surfactants are typical small organic molecules as hydrogelators.80 The 
key issue of design of supramolecular small hydrogelator is to control hydrophobic 
interactions. 
   In the past decade, extensive studies have been focused on supramolecular self-
assembly structure-formation from cyclodextrins threaded onto the polymer chains,81 
and formation of polyrotaxane/pesudopolyrotaxane is a typical process during novel 
supramolecular systems hydrogelation. First sample of the aforementioned 
supramolecular hydrogel is based on CD and PEG with MW higher than 2000 
partially penetrating cavities of α-CD to form inclusion complexes as physical cross-
linking sites of the forming network.82 Similar hydrogel is formed when  pluronic 
(PEO-PPO-PEO) and α-CD are adopted. The formed hydrogel is found to be 
thixotropic and reversible, suitable as candidate for injection.83  















 Figure 2.8 Cross-links consisting of crystal-like aggregates among localized 
methylated CDs in the gel.84  
 
 
   In order to strengthen the hydrogel structure, copolymers of dextran grafted with 
PEG or PPG linear side chain are used for the fabrication of supramolecular hydrogels, 
where the PEG or PPG side chains are used for the inclusion complexation with 
CDs.85-86 
   However, only high molecular weight PEG in high concentration could form stable 
gels, and the gelation time is rather long. Considering biological applications, 
molecular weight of polymers must be lower than 20000 to ensure excreting from 
body, and concentration of polymers is limited at the same time.  Some block 
copolymers of PEG with hydrophobic biodegradable segments could reduce gel-
inducing time. Gelation time of PCL-PEG-PCL87 with CDs were found to be much 
shorter (1 minute or so) and the strengths of hydrogels were also improved. 
Combination of  inclusion complexation between CD and the hydrophobic 
interactions driving aggregation of copolymer leads to rapid   formation of the 
supramolecular hydrogel.  
 25
   Other supramolecular hydrogels based on polyrotaxane can be prepared by cross-
linking of CD rings lying on the polymer chains with switchable and controllable 
properties. Hydrogels are cross-linked by a hydrolyzable polyrotaxane between PEG 
and α-CDs, where α-CDs react to another PEG-bisamine with various molecular 
weights after activating hydroxyl groups of CD rings by N,N-carbonyldiimidazole 
(CDI). The formed hydrogels could control erosive rate by adjusting PEG molecular 
weight.88 LCST hydrogels with a switchable transparency in a narrow temperature 
range were fabricated with β-CD dimer and copolymers of NIPAAM with adamantyl  
moiety. Host-guest interaction between adamantyl and β-CD is the main driving force 
of the formation of the network.89  
   Stimuli-responsive supramolecular hydrogels can also be constructed by 
interactions between CDs and side chains of polymers. After conjugating with 
dodecyl as side chains, poly(methacrylic acid)/C12 (PAA/C12) shows shear-responsive 
properties during gel-sol transitions, which is caused by the disruption of interpolymer 
aggregations under stress. The inclusion complexation between α-CD and C12 
suppress the hydrophobic aggregations of alkyl chain association.90 UV- responsive 
hydrogels are prepared by mixing PAA carrying α-CD moieties and PAA/C12 carrying 
azobenzene. Association and dissociation of C12 side chains will be induced by 
photoisomerization of azobenzene under UV irradiation, which is the reason of photo-
responsive sol-gel transition.91  
2.5 Supramolecular Self-Assembly Aggregation Based on Dendritic Structures 
   Molecular self-assembly is a process in which molecules (or parts of molecules) 
spontaneously form ordered aggregations without intervention usually under non-
covalent interaction, and the formed structure of the assembly is determined by 
molecular structures.92 If molecular bonds bind molecules together into assembly by 
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non-covalent intermolecular interactions, supramolecular aggregations will form. 
Micelles and double helix of DNA are examples of supramolecular self-assembly 
aggregation. 
   Three key factors affect the macroscopic behavior of polymers: chemical 
composition, molecular architecture, and supramolecular architecture.93 Architecture 
over a range of length scale is controlled by the combination of all  factors, so it is 
very meaningful to get polymers with strict topological patterns to fabricate complex 
self-assembly aggregation as shown in Figure 2.9. 
        
Figure 2.9 Self-assembly of block copolymers into diverse arrangements including 
discrete micelles, and lamellar or porous bulk materials. 
 
2.5.1 Dendrimers and Dendritic Structures 
   The polymeric architectures are classified into the three major traditional classes: (i) 
linear, (ii) crosslinked; (iii) branched; (iv) the fourth more recent one-dendritic. 
Dendritic polymers can also be divided into four subclasses: random, hyperbranched, 
dendrigrafts, dendrons and dendrimers.94  
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(i) Linear (ii) Crosslinked (iii) Branched 
(iv) Dendrtic 
Random Dendrigraft Dendrimer
                 Figure 2.10 Classification morphology of polymers. 
   In general, dendrimer synthesis involves divergent or convergent95  hierarchical 
assembly strategies that require the construction components as shown in Figure 2.10. 
                                  
Figure 2.11 Synthesis scheme for constructing dendrimers by convergent and 
divergent strategies.96  
 
   Unlike traditional polymers, dendrimers are unique core–shell structures possessing 
three basic architectural components: a core, an interior of shells consisting of 
repeating branch-cell units, and terminal functional groups. Applications of 
dendrimers include drug delivery devices,97-98 as gene delivery vectors,99-100 and in 
magnetic resonance imaging 101 
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   Commercial PAMAM dendrimers are synthesized by the divergent approach. 
Ethylenediamine, as a core, reacts with methyl acrylate by Michael addition. Then 
amidates ester groups react with a large excess of ethylenediamine to produce primary 
amine terminal groups. After that, a two-step reaction is conducted iteratively to get 
the generation required. The first reaction sequence on the exposed core creates a 
structure with four primary amine groups, called as PAMAM G = 0. Repeating the 
alkylation–amidation cycle produces an amplification of terminal groups from 1 to 2, 
which means generation of dendrimer also increase accordingly. Diameters of 
dendrimers increase linearly as a function of shells or generations increased, whereas 
the terminal functional groups increase exponentially as a function of generation.102 
   Dendrimers may be viewed as unique, nanoscale scaffold, which are composed of 
three topological regions: core, repeat branches, and surface. The unique structure 
provide dendrimer special properties in various applications related to supramolecular 
chemsitry. 
 




2.5.2 Supermolecular Chemistry of Dendrimers   
   The unique structures of dendrimers, with well-defined shape, voids and variable 
surface functionalization offer many applications in the field of host-guest chemistry 
and pharmaceutics.103 
   Dendrimer has a core, repeat unit and surface function groups. The properties of a 
dendrimer should be shown the outer surface, and scaffold should have some effect on 
properties like polarity, and ionization at different pH values. If hydrophobic units are 
used as the core, dendrimers with amine, carboxyl, hydroxyl hydrophilic surfaces 
could be regarded as unimolecular  micelles in aqueous solution. By modifying the 
terminal groups with suitable host molecules,  dendrimer could be fabricated to form 
supramolecular aggregation system as a suitable scaffold to from certain topological 
structure. 
   It has been shown that, in the amine-terminated PAMAM dendrimer, the 
protonation of the primary amino groups occurs at pH between 7 and 10, whereas the 
protonation of the tertiary amino groups takes place at pH between 3 and 7.104-105 
PAMAM dendrimers are polyelectrolytes, and in aqueous solution can be protonated 
at termini (primary amines) and at branch points (tertiary amines), which strongly 
affects conformation.106 Changing the pH in the environment can affect their 
solubilizing ability, thus triggering the release of solubilized molecules.107 
   Water-soluble hydrophobic dendrimers act analogously as micelles and these 
“unimolecular micelles” can encapsulate hydrophobic guests within their branches.108  
Hydrophilic PAMAM dendrimer scaffolds can be converted to hydrophobic modules 
by reactions of amine groups with epoxyalkanes, which can perform as nanoscopic 
container molecules. The interior void of dendrimer is ready to incorporate guest 
molecules. The modified dendrimer could be regarded as reminiscence of 
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“unimolecular inverse micelles” as demonstrated by the transport of copper(II) ions 
from an aqueous solution into toluene or chloroform.109 
   By modifying the periphery of PAMAM dendrimers with hydrophobic terminals 
like isobutyramide,  phase transitions will be observed , and LCST values decrease in 
higher generation of dendrimer, in an higher solution concentration, and higher pH 
values. It is expected that the nature of the dendrimer interior may affect the 
hydrophobicity alteration of the dendrimer surface. Since the PAMAM dendrimers 
contain tertiary amino groups in their interior, their charge density can be tuned by 
varying the pH of the solution.110  
 
 2.5.3 Dendritic Supramolecular Aggregation with CDs 
   If the surface of a dendrimer is modified by guest molecules, CDs will form multi-
site inclusion complexes with the modified dendrimer. PPI dendrimer terminated with 
ferrocene forms very large supramolecular complexes more than 11 kDa.111  
   Water soluble β-CD-based dendrimers can be synthesized by attaching the wedges 
of different generations to the rim of β-CD. The formed dendritic copolymer shows 
some molecular recognition properties to phenolphthalein, adamantane and 
bis(adamantane), and forms the convergent self-assembly with linear polymer with 
bis(adamantane) ends.112  
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Figure  2.13 Complexation of ferrocenyl dendrimers with β-CD.111  
   Another strategy is to attach host molecules-CD to the terminals of dendrimers. CDs 
are widely used as host candidates to accommodate a wide range of guest 
compounds/polymers, and there should be more varieties to fabricate much more 
complex supramolecular assembly patterns, like micelles and hydrogels etc. High 
affinity of the chosen host CD and guest terminals from dendrimer is an important 
factor to determine that whether it is possible to form the stable dendritic 
supramolecular aggregations. 
 
2.6 Characterization methods  
2.6.1 Characterization of the Inclusion Complexes 
   A wide range of methods can be adopted to characterize the structure, kinetic 
process of formation, conformation and aggregation of ICs formed by CDs. 
Spectroscopic techniques (NMR, FTIR, XPS, UV, etc) can identify the individual 
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components in the ICs, while secondary and higher  structure of ICs can be observed 
by TEM,113 AFM,114 STM115 and 2D NMR techniques.116 
   Nuclear magnetic resonance spectroscopy (NMR) is a technique that records 
transitions between the energy levels of nuclei in an external magnetic filed. A plot of 
the absorption of radio-frequency energy versus the external magnetic filed gives a 
NMR spectrum. The process frequency of all protons or other nucleis in an external 
static magnetic field is dependent on its chemical environment. By monitoring the 
shift of frequency (chemical shift), area and split patterns of individual peaks, 
information on compositions and structure of compound can be obtained.117    NMR 
spectroscopy is the most important method for structural elucidation of 
supramolecular host-guest complexes, especially in the case of CD complexes. The 
direct confirmation of free CD and substituted CD, types of inclusion complexes 
formed, quantitative analysis of complexation–induced shift in the proton NMR, 
kinetic study of complex formation, measurements of association constant of 
complexation, drive force and binding mode, can be easily obtained by     choosing 
suitable NMR technique.118  
      1H NMR is generally used to obtain the molar ratio of various components in ICs 
including CD and polymers. Together with the continuous variation method,119 the 
stoichimetric result can be obtained. Element analysis (EA) can give some supporting 
information in the stoichiometric study. 
   IC formation and conformation of ICs formed  can be determined by solid-state 13C 
CP/MAS and 2D ROSY NMR technique. In spectra of 13C CP/MAS NMR, carbon 
resonance multiplets of C1(101 ppm) and C4(81 ppm) from glucose unit of CD will 
coalesce to a singlet if polymer threads into cavities of CD and forms the columnar 
structure of IC, for the assumption that CD take more symmetrical conformation with 
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inclusion complexation of polymers.120  Location of monomer unit of the included 
polymer can be determined by 2D ROSY NMR, which is also used to determine 
whether ICs are formed in the mixture of CDs and polymers. 
   In the work, 1H NMR, 13C NMR and 13C MAS/CP solid state NMR spectra were 
recorded using a Bruker DRX-400 sepctrometer. The sample was dissolved in a 
suitable deuterated solvent at various concentrations according to targets of the 
measurements. 
   X-ray diffraction is a powerful tool to study the crystalline structures of compounds. 
Rapid and non-destructive, X-ray diffraction, especially the powder diffraction 
method, can be used to determine crystal size, purity, and texture by monitoring the 
diffraction pattern, changing in peak width or position.  
   Since it is hard to get large single crystals of CD ICs, X-ray powder diffraction is 
generally used in most cases. Detail information, like type of crystal and conformation, 
can be obtained by single crystal diffraction from soluble weak complexes121 and 
oligomers.122     
  Powder XRD measurements of ICs formed in this study were carried out using a 
Simens D5005 diffractometer using Ni-filtered Cu Kα (1.542 Å) radiation (40 kV, 40 
mA) in a 2θ mode at a speed of  0.6º/min. .  
   The kinetics of threading can be monitored  by turbidity measurement on the 
condition that  polymer is easily dispersed in the chosen solvent but ICs have limited 
solubility in the solvent.123  1H NMR can also monitor the threading kinetics to get 
binding constant if the process is fast enough.124 
   Differential scanning of calorimetry (DSC) measures the compensation of  heat flux 
caused by the difference between a sample and a reference during  the thermal 
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transition. The DSC curves show the heat flux or the specific heat capacity against 
either time or temperature at a controlled rate.125  
   Thermogravimetric analysis (TGA) is performed on samples in an environment with 
accurate temperature control by determining changes in weight with changes in 
temperature or time. A plot of weight loss versus temperature forms a 
thermogravimetric curve.  
   Polymers at various levels of freedom of structural motions are closely related to 
thermal transitions, like melting and crystallization, glass transition. The thermal 
properties of ICs can be evaluated by DSC and TGA. Information from Tg, Tm, Td , 
enthalpy of melting etc, could indicate conformation of polymers chains,126 
aggregation state of polymers and CDs location on the different blocks of 
copolymers,127-129 the thermal stability of ICs, and other thermodynamics properties. 
   In ICs formed between CDs and polymers, every single polymer chain is closely 
included in the channels formed by CDs, and the aggregation of polymer chains is 
hindered by the formation of the crystalline phases of ICs, so Tg and Tm will change 
accordingly when the ICs are formed.48 
  Weight loss behavior in TGA can be used to estimate the ratio between CDs and the 
polymers in the ICs besides evaluation of the thermal degradation properties of ICs 
and their components respectively. 
  In this study, DSC measurements were performed using a TA Instruments2920 
differential scanning calorimeter equipped with an auto-cool accessory and calibrated 
using indium. TGA was made using a TA Instruments SDT 2960. Samples were 




2.6.2 Hydrogels Characterization 
Gel permeation chromatography (GPC) is a chromatographic technique that uses 
porous, non-ionic gel beads as fillers for characterization and separation of 
polydisperse species with a continous eluent as a mobile phase. The underlying 
principle of the fractionation mechanism is that particles with different hydrodynamic 
volumes will elute through a stationary phase (gel beads) at  different rates. The 
fractions are examined by various types of detectors such as refractive index (RI), 
light scattering (LS), and ultraviolet (UV).130   Polystyrene or poly(ethylene glycol) 
with narrow molecular weight distribution is used as standards to get a work curve 
and calibrate the molecular weight of the samples.  
   The two most important data from GPC are molecular weight (Mw, Mn) and 
distribution (polydispersity). The elute time of samples can be used to verify the 
formation of some suprammolecular aggregations if the aggregations are stable 
enough in the eluent.  
   In this study, GPC analysis was carried out with a Shimadzu SCL-10A and LC-8A 
system equipped with two Phenogel 5µ 50 and 1000 Å columns (size: 300×4.6 mm) 
in series and a refractive detector. THF was used as eluent at a flow rate of 0.30 
mL/min at 40 °C. 
   Rheometer is useful to evaluate  rheological properties of hydrogels, including 
checking the onset of gelation, monitoring the gelation process, verifying the 
thxiotropical properties, and testing the thermal or pH stimulus sensitive properties etc. 
   Morphology and aggregations of hydrogels can be observed directly by TEM and 




2.6.3 Supramolecular Aggregation Measurements 
   If aggregation is in a micelles-like structure, dynamical light scattering, AFM, TEM, 
1H NMR, and fluorescence measurements are commonly used. 
   Dynamic light scattering (DLS) is a common technique used to obtain particle size 
and distribution by measuring the time-dependent fluctuations of the intensity of 
scattering light from suspending particles undergoing  Brownian motion. DLS can be 
used to analyze various samples with broad distribution of species, and obtain 
parameters including molecular weight, hydrodynamic radius, and diffusion 
constant.131  
   Particle size and size distribution in the study were determined by dynamic light 
scattering at 25° C using Malvern Zatesizer N90 with  a wavelength set at 633 nm. 
Polystyrene (PS) latex standards were used as standards to calibrate the instrument. 
Particle sizes of micelles can be obtained by dynamic light scattering, and diameters 
of micelles can also be checked by AFM and TEM, even with sizes of the 
aggregations below 10 nm.  
    Fluorescence probe such as pyrene can be used to measure the critical micelles 
concentration (CMC) due to the fact that pyrene is very sensitive to hydrophobicity of 
environment.132-134  
   If the host-guest exchange rate is fast enough, 1H NMR binding titration can be used 
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Chapter 3.Preparation and Characterization of Inclusion Complexes Formed by 
Biodegradable Poly(ε-caprolactone)-Poly(tetrahydrofuran)-Poly(ε-caprolactone) 















3. 1 Introduction 
   Cyclodextrins (CDs) are a series of cyclic oligosaccharides composed of 6, 7, or 8 
D(+)-glucose units linked by a-1,4-linkages, and named α-, β-, or γ-CD, respectively 
(Chart 1). The doughnut-shaped geometry of CDs gives a hydrophobic cavity having 
a depth of ca. 8.0 Å, and an internal diameter of ca. 4.5 Å for α-, ca. 7.0 Å for β -, and 
ca. 8.5 Å for γ-CD, respectively1. They have been extensively studied in 
supramolecular chemistry as host molecules capable of forming inclusion complexes 




















Chart 3.1 Structure of α-, β-, and γ-CDs (n = 6, 7, and 8, respectively) 
 
   Over the past decade, ICs formed with CDs and polymers have attracted special 
interest since the finding of the first example of IC formation between α-CD and 
poly(ethylene glycol) (PEG).3,4 A large number of reports have been published on ICs 
formed between CD and various polymers with necklace-like supramolecular 
structures.5–36 Although α-, β-, and γ-CDs have similar depth for the hydrophobic 
cavities (ca. 7.0 Å), their internal diameters are quite different.1 It has been found that 
the size correlation between the cross-sectional areas of the polymer chains and the 
cavity internal diameters of CDs plays an important role in the IC formation.8–22 
 47
   Recently, more attention in this area has been focused on the ICs formed by CDs 
and block copolymers, which may involve block-selective molecular recognition and 
result in special block structures of great interest.23–36 Particularly, those with 
biodegradable block copolymers are of special interest because of their potential 
applications as functional biomaterials.29–36 For example, we reported the formation of 
supramolecular hydrogels induced by inclusion complexation between α-CD and 
pluronics, the triblock copolymers of poly(ethylene glycol)–poly(propylene glycol)–
poly(ethylene glycol) (PEG–PPG–PEG), and suggested its utility for controlled 
release of drugs.25 Choi et al. recently reported the hydrogel formation between β-CD 
and PPG-grafted dextrans.26 Due to the preferential inclusion, CDs can be threaded 
onto specific blocks of the copolymers, which may affect the morphology of the 
remaining blocks. Recently, an example was reported to regulate the biodegradability 
of poly(ε-caprolactone)–poly(L-lactide) diblock copolymers upon formation of ICs 
with CDs.30 Although the size correlation between the polymer chains and the 
geometries of CDs is a primary factor to determine the IC formation in homopolymer 
systems, recently we unexpectedly found that in a triblock copolymer system, small 
α-CD can overcome the energy barrier to slide over a bulky PPG block into a thinner 
PEG block to form a stable IC.28 
   Herein, we have found the biodegradable poly(ε-caprolactone)–
poly(tetrahydrofuran)–poly(ε-caprolactone) (PCL–PTHF–PCL) triblock copolymer 
could form ICs with all α-, β-, and γ-CDs. In a previous study on IC formation 
between poly(ε-caprolactone)–poly(propylene glycol)–poly(ε-caprolactone) (PCL–
PPG–PCL) triblock copolymer and CDs,31 it was found that only α- and γ-CDs could 
form ICs with the PCL–PPG–PCL copolymer. However, in our PCL–PTHF–PCL 
system, β-CD also formed IC, presumably due to the incentive of favorable 
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interaction between the middle PTHF block and β-CD. The ICs were characterized by 
using X-ray diffraction (XRD), solid and liquid NMR, Fourier transform infrared 
(FTIR), differential scanning calorimetry (DSC), and thermogravimetric analysis 
(TGA). Based on our data and a comparison with other CD-polymer IC systems 
reported previously, the inclusion modes of the ICs are also discussed. 
 
3.2 Experiment Section 
3.2.1 Materials 
   Poly(ε-caprolactone)–poly(tetrahydrofuran)–poly(ε-caprolactone) (PCL–PTHF–
PCL) triblock copolymer with indicative Mn of 2000 in total and 500 for each PCL 
block, 
was purchased from Aldrich. In this study, the molecular characteristics of the 
triblock copolymer sample using gel permeation chromatography (GPC) and 1H NMR 
spectroscopy were determined. Poly(ethylene glycol) (PEG, Mn=1000) and 
poly(propylene glycol) (PPG, Mn=1000) homopolymers were also supplied by 
Aldrich. 
α-CD, β-CD, and γ-CD were supplied by Tokyo Kasei, Inc., Japan. DMSO-d6 (99.9%) 
and CDCl3 (99.8%) used as solvents in the NMR measurements were obtained from 
Aldrich. 
 
3.2.2 Preparation of Inclusion Complexes 
   The general procedure for all ICs with α-, β-, and γ-CDs is as follows. Certain 
amount of bulk PCL–PTHF–PCL triblock polymer was added into excess of CD 
aqueous solution in a test tube at 60 ºC. The mixture was sonicated in an ultrasonic 
waterbath for 10 min, followed by vortexing at room temperature for 10 min. The IC 
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was gradually formed as white crystalline precipitate. To ensure that there was no free 
PCL–PTHF–PCL copolymer left with the IC, the reaction mixture was allowed to 
stand for t min, and then V ml of the supernatant was removed, and the same volume 
of the CD aqueous  solution (V ml) was added. The mixture was heated again at 60 ºC, 
followed by sonication and vortexing. The same procedures were repeated twice, and 
then the reaction mixture was allowed to stand overnight. Finally, the white 
precipitate was collected by suction filtration, washed with a limited amount of water, 
and dried under vacuum. 
 
3.2.2.1 α-CD–PCL–PTHF–PCL IC 
   PCL–PTHF–PCL triblock copolymer (40 mg) and saturated α-CD aqueous solution 
(12.4 ml, 0.145 g ml-1) were used, while t =10 min, and V =3.0 ml. Yield, 130 mg 
(65%). 1H NMR (400 MHz, DMSO-d6, 22 ºC): d 5.52 (d, ca. 61H, O(2)H of CD), 
5.44 (d, ca. 61H, O(3)H of CD), 4.79 (d, ca. 61H, H(1) of CD), 4.48 (t, ca. 61H, 
O(6)H of CD), 3.98 (m, ca. 23H, e and i' of PCL–PTHF–PCL), 3.75 (t, ca. 61H, H(3) 
of CD), 3.62 (m, ca. 122H, H(6) of CD), 3.58 (m, ca. 61H, H(5) of CD), 3.25–3.40 (m, 
ca.188H, f, f', i, and e' of PCL–PTHF–PCL, and H(2) and H(4) of CD), 2.27 (m, ca. 
23H, a and a' of PCL–PTHF–PCL), 1.51 (m, ca. 113H, b, b', d, d', g, g', h and h' of  
PCL–PTHF–PCL), 1.28 (m, ca. 23H, c and c' of PCL–PTHF–PCL). IR (KBr, cm21): 
3368 (vs, br, –OH), 2931 (s, C–H), 2867 (s, C–H), 1736 (s, C=O), 1153 (vs, C–O), 
1177 (vs),1030 (vs), 752, 704, 574. Anal. Calcd for 
C134H248O40·10.1C36H60O30·15H2O: C, 47.45; H, 7.07. Found: C, 47.80; H, 7.47. 
 
3.2.2.2 β-CD–PCL–PTHF–PCL IC 
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   PCL–PTHF–PCL triblock copolymer (40 mg) and β-CD aqueous solution (80 ml, 
0.022 g ml-1) were used, while t =30 min, and V =16 ml. Yield, 247 mg (78%). 1H 
NMR (400 MHz, DMSO-d6, 22 ºC): d 5.57 (d, ca. 101H, O(2)H of CD), 5.68 (d, ca. 
101H, O(3)H of CD), 4.82 (d, ca. 101H, H(1) of CD), 4.46 (t, ca. 101H, O(6)H of 
CD), 3.98 (m, ca. 23H, e and i' of PCL–PTHF–PCL), 3.63 (m, ca. 303H, H(3) and 
H(6) of CD), 3.56 (m, ca. 101H, H(5) of CD), 3.27–3.37 (m, ca. 269H, f,  f ', i, and e' 
of PCL– 
PTHF–PCL, and H(2) and H(4) of CD), 2.27 (m, ca. 23H, a and a' of PCL–PTHF–
PCL), 1.51 (m, ca. 113H, b, b', d, d', g, g', h, and h' of PCL–PTHF–PCL), 1.28 (m, ca. 
23H, c and c' of PCL–PTHF–PCL). IR (KBr, cm21): 3367 (vs, br, –OH), 2928 (s, C–
H),  733 (s, C=O), 1157 (vs, C–O), 1180 (vs), 1030 (vs), 757, 705, 578. Anal. Calcd 
for C134H248O40·14.4C42H70O35·38H2O: C, 45.45; H, 6.88. Found: C, 45.75; H, 7.30. 
 
3.2.2.3 γ-CD–PCL–PTHF–PCL IC 
   PCL–PTHF–PCL triblock copolymer (30 mg) and γ-CD aqueous solution (9.3 ml, 
0.192 g ml-1) were used, and t =30 min, and V =5:0 ml. Yield, 219 mg (79%). 1H 
NMR (400 MHz, DMSO-d6, 22 ºC): d 5.76 (m, ca. 243H, O(2)H and O(3)H of CD), 
4.88 (d, ca. 122H, H(1) of CD), 4.53 (t, ca. 122H, O(6)H of CD), 3.98 (m, ca. 23H, e 
and i' of PCL–PTHF–PCL), 3.52–3.62 (m, ca. 486H, H(3), H(6), and H(5) of CD), 
3.27–3.39 (m, ca. 310H, f, f', i, and e' of PCL–PTHF–PCL, and H(2) and H(4) of CD), 
2.27 (m, ca. 23H, a and a' of PCL–PTHF–PCL), 1.51 (m, ca. 113H, b, b', d, d', g, g', h, 
and h' of PCL–PTHF–PCL), 1.28 (m, ca. 23H, c and c' of PCL–PTHF–PCL). IR (KBr, 
cm21): 3367 (vs, br, –OH), 2929 (s, C–H), 1733 (C=O), 1158 (vs, C–O), 1180 (vs), 
1028 (vs), 755, 703, 576. Anal. Calcd for C134H248O40·15.2C48H80O40·46H2O: C, 
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45.01; H, 6.81.  Found: C, 45.41; H, 7.43. For comparison, ICs of PEG with α-CD 
and PPG with β-CD and γ-CD were prepared according to previous reports.4,12 
 
3.2.3 Measurements and Characterization 
   The 1H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer at 400 
MHz at room temperature. The 1H NMR measurements were carried out with an 
acquisition time of 3.2 s, a pulse repetition time of 2.0 s, a 308 pulse width, 5208-Hz 
spectral width, and 32K data points. Chemical shifts were referred to the solvent 
peaks 
(δ = 7.30 and 2.50 ppm for CDCl3 and DMSO-d6, respectively).The 13C NMR spectra 
were recorded on a Bruker AV-400 NMR spectrometer at 100 MHz at room 
temperature. 
The 13C NMR measurements were carried out using composite pulse decoupling with 
an acquisition time of 0.82 s, a pulse repetition time of 5.0 s, a 308 pulse width, 
20,080-Hz spectral width, and 32K data points. Chemical shifts were referred to the 
solvent peaks (δ =77.16 ppm for CDCl3). The solid-state 13C CP/MAS NMR spectra 
were measured on a Bruker AV-400 NMR spectrometer at 100 MHz with a sample 
spinning rate of 5000 Hz at room temperature. CP spectra were acquired with a 4-ms 
proton 90º pulse, a 1-ms contact time, and a 5-s repetition time. Chemical shifts were 
referred to external standard adamantane. 
   XRD measurements were carried out using a Simens D5005 diffractometer using 
Ni-filtered Cu Kα (1.542 Å) radiation (40 kV, 40 mA). Powder samples were 
mounted on a sample holder and scanned from 5 to 35º in 2θ at a speed of  0.6º/min. 
   DSC measurements were performed using a TA Instruments2920 differential 
scanning calorimeter equipped with an auto-cool accessory and calibrated using 
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indium. The following protocol was used for each sample: quenching the sample from 
room temperature to -160 ºC, then heating from -160 to 200 ºC at 20 ºC min-1. Data 
were collected during the heating run. Transition temperatures were taken as peak 
maxima. TGA was made using a TA Instruments SDT 2960. Samples were heated at 
20 ºC min-1 from room temperature to 800 ºC in a dynamic nitrogen atmosphere (flow 
rate = 70 ml min-1). 
   FTIR spectra were recorded on a Bio-Rad 165 FTIR spectrophotometer; 64 scans 
were signal-averaged with a resolution of 2 cm-1 at room temperature. Samples were 
prepared by dispersing the complexes in KBr and compressing the mixtures to form 
disks. 
   GPC analysis was carried out with a Shimadzu SCL-10A and LC-8A system 
equipped with two Phenogel 5µ 50 and 1000 Å columns (size: 300 × 4.6 mm2) in 
series and a refractive detector. THF was used as eluent at a flow rate of 0.30 ml min-1 




3.3 Results and iscussion 
3.3.1 Structure of PCL–PTHF–PCL Triblock Copolymer 
   The molecular characteristics of the PCL–PTHF–PCL triblock copolymer sample 
were actually determined by using GPC and 1H NMR. The Mw, Mn, and the molecular 
weight polydispersity found by GPC are 2980, 2450, and 1.21, respectively. Fig. 1 
shows the 1H NMR spectrum of the PCL–PTHF–PCL triblock copolymer, together 
with its chemical structure and the fine structures of the respective PCL and PTHF 
blocks. The assignments of the 1H NMR spectrum are also shown in Fig. 1, which 
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confirms the structure and chain architecture of the PCL–PTHF–PCL triblock 
copolymer. From the integral intensities of the peaks, the composition and each block 
length of the block copolymer can be calculated, and the results are as follows: Mn = 
2500; 2n = 11.4; m = 16.8. The results obtained from the 1H NMR spectrum are in 
good agreement with those from GPC. 
3.3.2 IC formation 
   When testing the IC formation between CDs and the PCL–PTHF–PCL triblock 
copolymer, we found that the copolymer formed ICs with a-CD as well as β- and γ-
CDs to give crystalline ICs in very high yields (65–79%). The formation of the ICs 
between the PCL–PTHF–PCL triblock copolymer and CDs is of special interest 
because there were very few cases that a polymer could form ICs with all three types 
of CDs.5–36 
3.3.3 XRD Studies 
   The formation of the CD–PCL–PTHF–PCL ICs was strongly supported by XRD 
studies. Fig. 2 shows the XRD patterns of the three CD–PCL–PTHF–PCL ICs in 
comparison with the pure PCL–PTHF–PCL triblock copolymer, and ICs of CDs with 
other polymers or small molecules. In Fig. 2(a), from top to bottom are shown the 
XRD patterns of the pure PCL–PTHF–PCL copolymer, free α-CD, the α-CD–
propionic acid IC, the α-CD–PEG (Mn = 1000) IC, and the α-CD–PCL–PTHF–PCL 
IC. The pattern of the a-CD–propionic acid IC represents a cage-type  structure of α-
CD ICs,37,38 while the pattern of the α-CD–PEG IC with a number of sharp reflections 
and the main one at 2θ = 19.4º (d = 4:57 Å) represents the channel-type structure of 































Figure 3.1 (a) The structure of the PCL-PTHF-PCL triblock copolymer and the fine 
structures of the PCL and PTHF blocks. (b) The 400-MHz 1H NMR spectrum of the 
PCL-PTHF-PCL triblock copolymer in CDCl3. The molecular weight and block 










The pattern of the α-CD–PCL–PTHF–PCL IC is similar to that of the α-CD–PEG IC, 
but totally different from those of the pure PCL–PTHF–PCL copolymer, free α-CD, 
and the α-CD–propionic acid IC, suggesting that the α-CD–PCL–PTHF–PCL IC is 
isomorphous with the channel-type structure formed by the α-CD–PEG IC, which is a 
typical structure of ICs formed by multi α-CD molecules threaded on a polymer chain. 
   In Fig. 2(b), the XRD pattern of the β-CD–PCL–PTHF–PCL IC is compared with 
those of free β-CD and the β-CD–PPG (Mn = 1000) IC. The pattern of β-CD–PPG IC 
is different from that of β-CD where the β-CD molecules take a cage-type structure.39 
The β-CD–PPG IC has been previously proven to take a channel-type structure.12 The 
pattern of the β-CD–PCL–PTHF–PCL IC is similar to that of the β-CD–PPG IC. 
Therefore, the β-CD–PCL–PTHF–PCL IC can be also considered to take a channel-
type crystalline structure, in which the PCL–PTHF–PCL copolymer chain is included 
by β-CD molecules. 
  In Fig. 2(c), the XRD pattern of the γ-CD–PCL–PTHF–PCL IC is compared with 
those of free γ-CD and the γ-CD–PPG (Mn =1000) IC. Similar to the observation with 
β-CD, the pattern for the γ-CD–PCL–PTHF–PCL IC resembles that of the IC formed 
by γ-CD and PPG (Mn =1000), i.e. the γ-CD–PPG IC, which is known to display a 
channel-type structure,12 and differs from that of γ-CD, a cage-type structure,39 
Although the pattern for the γ-CD–PCL–PTHF–PCL IC is less resolved than that of 
the γ-CD–PPG IC, the characteristic peak at 7.58 is clearly observed, which is the key 
feature serving as a fingerprint for the channel-type structure of ICs formed between 
γ-CD and polymers.17,18,31 The less resolved pattern implies that the γ-CD–PCL–
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Figure 3.2 XRD patterns of (a) α-CD−PCL-PTHF-PCL IC, (b) β-CD−PCL-PTHF-
PCL IC, and (c) γ-CD−PCL-PTHF-PCL IC in comparison with the pure PCL-PTHF-
PCL triblock copolymer, and ICs of other polymers or small molecules with α-CD, β-





because the PCL–PTHF–PCL is included by γ-CD in a double-stranded mode, while 
the bulkier PPG chain is included by γ-CD in a single strand.12 
 
3.3.4. Solid-State NMR Studies 
   The formation of ICs between the PCL–PTHF–PCL copolymer and CDs was also 
supported by the solid-state NMR studies. Fig. 3 shows the 13C CP/MAS NMR 
spectra of the CD–PCL–PTHF–PCL ICs in comparison with the free α-CD, β-CD, 
and γ-CD, respectively. The spectrum of α-CD in the uncomplexed state shows 
multiple resolved resonances for C1 and C4. Especially, resonances for C1 and C4 
adjacent to a single conformationally strained glycosidic linkage are observed in the 
spectrum (shown by  arrows).40, 41 The results indicate that the α-CD assumes a less 
symmetrical  conformation in the crystalline uncomplexed state. In contrast, for the α-
CD–PCL– THF–PCL IC, all C1–C6 of a-CD shows a single unresolved resonance, 
indicating that α-CD adopts a more symmetric conformation and each glucose unit of 
α-CD is in a similar environment in the IC. Similar results, which are believed to 
support the formation of ICs between CDs and polymers, have been previously 
observed in the solid state 13C CP/MAS NMR spectra of various crystalline ICs.5–22 
Similar to the case of the α-CD–PCL–PTHF–PCL IC, the 13C CP/MAS NMR spectra 
of β-CD–PCL– PTHF–PCL and γ-CD–PCL–PTHF–PCL ICs also show less resolved 
resonance for all C1–C6 of each glucose unit of β-CD or γ-CD, than those in the free 
β-CD or γ-CD, respectively. The results further support that the ICs are formed 
between the PCL– PTHF–PCL copolymer and β-CD or γ-CD. In addition, the 
resonances for the PCL–PTHF–PCL triblock  copolymer are also clearly observed in 
the spectra of the CD–PCL–PTHF–PCL ICs, at 20–40 ppm for methylene carbons, 

















Figure 3.3 13C CP/MAS NMR spectra of (a) α-CD−PCL-PTHF-PCL IC, (b) β-
D−PCL-PTHF-PCL IC, and (c) γ-CD−PCL-PTHF-PCL IC in comparison with free α-
CD, β-CD, and γ-CD, respectively. The arrows show the resolved resonances for C1 






 (data not shown in the figure), while those for the methylene oxide carbons are found 
to overlap with those of the CD carbons at the region of 65–80 ppm. The results 
strongly suggest the existence of the PCL–PTHF–PCL triblock copolymer in the ICs. 
 
3.3.5 1H NMR Studies and Stoichiometry 
   The compositions of the CD–PCL–PTHF–PCL ICs were quantitatively studied 
using 1H NMR spectroscopy. Figure 3.4 shows the 1H NMR spectra of the PCL–
PTHF–PCL triblock copolymer, α-CD, and the ICs of the PCL–PTHF–PCL 
copolymer with α-, β-, and γ-CDs in DMSO-d6. A comparison between the integral 
intensities of peaks for CDs copolymer are shown in Figure 1(a).and those for the 
PCL–PTHF–PCL copolymer gives the compositions and CD contents of the CD–
PCL–PTHF–PCL ICs. The numbers (x) of CD in a single IC supramolecule and the 
CD contents of the ICs are listed in Table 1. The compositions determined from 1H 
NMR spectroscopy were also found to be in good agreement with the elemental 
analysis results. 
   As shown in Table 1, the number of CD molecules per PCL–PTHF–PCL copolymer 
chain is 10.1 and 14.4 for the α- and β-CD–PCL–PTHF–PCL ICs, respectively. The 
total Mn of the PCL–PTHF–PCL copolymer is 2500, while the respective block length 
are 2n = 11.4 and m = 16.8: If the whole PCL–PTHF–PCL copolymer chain is fully 
included and covered by α- or β-CD molecules in single strand where the polymer 
chain is fully extended, similar to the case of the a-CD–PEG ICs,4 there would be 































Figure 3.4 The 400-MHz 1H NMR spectra of (a) PCL-PTHF-PCL triblock copolymer, 
(b) α-CD, (c) α-CD-PCL-PTHF-PCL IC, (d) β-CD-PCL-PTHF-PCL IC, and (e) γ-
CD-PCL-PTHF-PCL IC in DMSO-d6. The proton assignments of PCL-PTHF-PCL  
e i’
f f’ i e’
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Table 3.1 Compositions of the CD−PCL-PTHF-PCL ICs and the CD Contents 
estimated from 1H NMR and TGA, and the decomposition temperaturesa (Td) of the 
ICs in comparison with their free components. 
 
  CD content (wt %) Td (free)c (°C)  Td (IC)d (°C) 
Inclusion 
complex 









10.1 83 72 320 364 338 388 
β-CD−PCL-
PTHF-PCL 
14.4 89 78 336 358 332 392 
γ-CD−PCL-
PTHF-PCL 
15.2 91 77 319 360 326 386 
 
a Temperatures at which 10% of mass loss has occurred from TGA curves. b The number of 
CD molecules in a single IC supramolecule determined by 1H NMR. c Td for free CD and free 
PCL-PTHF-PCL triblock copolymer. d Td for each component in the ICs.  
 
   As for α-CD–PCL–PTHF–PCL IC, there may be a few possible structures since the 
number of CD cannot closely and fully cover the whole polymer chain of the triblock 
copolymer: (1) only the two flanking PCL blocks are included and covered by α-CD; 
(2) only the middle PTHF block is included and covered by α-CD; and (3) the 
polymer chain is sparsely cover by α-CD. Considering the triblock chain architecture 
and the facts that the polymer chain is threaded from two ends and the IC is 
crystalline, it is thought that most likely only the two flanking PCL blocks are 
included and covered by α-CD, where the PCL blocks are closely covered by α-CD to 
form crystalline IC domains. 
   When we studied the IC formation between PEG and CDs, the β-CD with a larger 
cavity could not form IC with PEG because the PEG chain is too thin to fill into the β-
CD cavity.4 However, we found the β-CD–PCL–PTHF–PCL IC was formed in high 
yield, although the PCL–PTHF–PCL copolymer chain has similar cross-sectional area 
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to PEG. Considering the size correlation between the cavity of β-CD and the cross-
sectional area of PCL–PTHF–PCL copolymer in extended structure, there may be 
little possibility that β-CD covers an extended chain of PCL–PTHF–PCL copolymer. 
Therefore, we propose that the larger channel formed by β-CD may be filled by a 
slightly contracted PCL–PTHF–PCL chain, since there are only 14 β-CD involved in 
the β-CD–PCL–PTHF–PCL IC. In a previous study on IC formation between PCL–
PPG–PCL triblock copolymer and CDs,31 only α- and γ-CDs were found to form ICs 
with the PCL–PPG–PCL copolymer. Therefore, the PTHF block may play an 
important role in the formation of the β-CD–PCL–PTHF–PCL IC. This implies that 
the PTHF block must be involved in the IC formation and is favorably included by β-
CD. This can be understood from the fact that pure PTHF polymer tends to form 
stable IC with β-CD. It is interesting that a ‘slight’ difference in block structure may 
lead to quite different character of a block copolymer in IC formation with CDs. 
   As for the γ-CD–PCL–PTHF–PCL IC, the number of CD molecules per PCL–
PTHF–PCL copolymer chain is 15.2 as shown in Table 1. Since the γ-CD channel can 
include double strands of polymer chains such as PEG,11 if two PCL–PTHF–PCL 
triblock copolymer chains are fully included and covered by γ-CD molecules, there 
would be about 28 γ-CD molecules in the IC. The number of γ-CD molecules per 
PCL–PTHF–PCL copolymer chain is 15.2 (Table 1). In other words, the number of γ-
CD molecules per two PCL–PTHF–PCL copolymer chains is about 30. Therefore, it 
is thought that the whole double strands of the two PCL–PTHF–PCL copolymer 
chains are included and covered by γ-CD, where the two polymer chains take a 
extended structure similar to that of PEG in the γ-CD–PEG IC as reported 
previously.11 Although there may be possibility that γ-CD sparsely covers a single 
PCL–PTHF–PCL chain, it is unlikely because of the big difference in size between 
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the cavity of γ-CD and the polymer chain. Another evidence for the double-stranded 
mode of the γ-CD–PCL–PTHF–PCL IC is that the IC has lower crystallinity, which is 
similar to the case of the double-stranded γ-CD–PEG IC,11 while the single-stranded 
γ-CD-PPG IC has very high crystallinity (Figure 3.2(c)).12 
 
3.3.6 DSC Studies 
   Our hypothesis regarding the inclusion modes of the CD–PCL–PTHF–PCL ICs was 
further supported by the DSC studies of the ICs. The DSC curves of pure PCL–
PTHF–PCL copolymer and its ICs with α-, β-, and γ-CDs are shown in Figure 3.5. As 
shown in Fig. 5(a), there are two partially overlapped endothermic peaks at 16 and 26 
ºC in the DSC curve of pure PCL–PTHF–PCL copolymer, corresponding to crystal 
fusion of the triblock copolymer. Both PCL and PTHF homopolymers with similar 
chain lengths to those in the triblock copolymer have melting temperatures at the 
similar temperature range, so it is hard to identify which peak corresponds to which 
block, or the two peaks are due to a melting–recrystallization phenomenon. It should 
be noted that pure a-CD does not show any thermal transitions during the course of 
heating. The stoichiometric α-CD–PEG and β-CD–PPG ICs studied previously also 
present no thermal transitions before decomposition because every single polymer 
chain is closely included in the channels formed by CDs in those ICs.4,12 Upon 
formation of ICs, the endothermic peaks are largely compressed in the thermogram of 
the α-CD–PCL–PTHF–PCL IC, while they are almost absent in the thermograms of 
β- and γ-CD–PCL–PTHF–PCL ICs. This is in accordance with our hypothesis that the 
PTHF block is free of inclusion in the α-CD–PCL–PTHF–PCL IC, which can still 
form some crystalline phase of PTHF, while both PCL and PTHF blocks are fully 
included and covered by CD molecules in the β- and γ-CD–PCL–PTHF–PCL ICs. 
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3.3.7 Thermal Stability 
 
   The thermal stability of the CD–PCL–PTHF–PCL ICs was evaluated using TGA 
and compared with their CD precursors and the pure PCL–PTHF–PCL copolymer. 
Fig.6 shows the weight loss curves of the ICs and their precursors upon heating up to 
600 ºC. The ICs undergo two steps thermal degradation. The first step can be mainly 
attributed to decomposition of CD, while the second one mainly to the PCL–PTHF–
PCL copolymer. Although the ICs and free CD start to decompose at similar 
temperatures ranging from 290 to 300 ºC, the course of weight loss for the complexed 
CD is obviously slower than that of free CD, particularly in the cases of α- and γ-CD–
PCL–PTHF–PCL ICs. We use the temperature at which 10% of mass loss has 
occurred after a certain component starting decomposition as the decomposition 
temperature (Td) to quantitatively evaluate the thermal stability,42 and the results for 
all three ICs are listed in Table 1. The Td values for the PCL–PTHF–PCL copolymer 
in the ICs increased by 13–19 ºC, as compared with the free copolymer. Therefore, 
the PCL–PTHF–PCL triblock copolymers was stabilized by the formation of the ICs. 
In addition, the two-step weight loss behavior can be used to estimate the ratio 






 Figure 3.5 DSC thermograms (first heating run at 20 °C/min) for: (a) the PCL-PTHF-
PCL triblock copolymers; (b) α-CD-PCL-PTHF-PCL IC; (c) β-CD-PCL-PTHF-PCL 
IC; and (d) γ-CD-PCL-PTHF-PCL IC. 
 














































































Figure 3.6 TGA curves of (a) α-CD−PCL-PTHF-PCL IC, (b) β-CD−PCL-PTHF-
PCL IC, and (c) γ-CD−PCL-PTHF-PCL IC in comparison with the pure PCL-PTHF-
PCL triblock copolymer, and the free α-CD, β-CD, or γ-CD, respectively. 
 
Although the TGA method may not be as accurate as the 1H NMR due to the partially 
overlapping of the two weight loss steps, the CD contents estimated from the TGA 
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results are in quite good agreement with those determined by 1H NMR spectroscopy, 
as shown in Table 1. 
 







Figure 3.7 The proposed structures of (a) the α-CD−PCL-PTHF-PCL IC, (b) the β-
CD−PCL-PTHF-PCL IC, and (c) the γ-CD−PCL-PTHF-PCL IC. 
 
3.4 Conclusions 
   Biodegradable PCL–PTHF–PCL triblock copolymer was found to form ICs with all 
α-CD, β-CD, and γ-CD from aqueous medium in high yields ranging from 65 to 79%. 
The XRD studies showed that all the CD–PCL–PTHF–PCL ICs assume a channel 
type structure. The formation of the CD–PCL–PTHF–PCL ICs was also confirmed by 
solid-state 13C CP/MAS NMR studies. The 1H NMR studies gave the numbers of CD 
molecules in a single complex supramolecule. From both 1H NMR and DSC results, 
we propose that only the two flanking PCL blocks are included and covered by α-CD 
in the α-CD–PCL–PTHF–PCL IC (Fig. 7(a)), while the two PCL blocks as well as the 
middle PTHF block are included and covered by β-CD in the β-CD–PCL–PTHF–PCL 
IC, where the PCL–PTHF–PCL copolymer chain takes a contracted structure so as to 
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fit into the larger space of the channel formed by β-CD (Fig. 7(b)). It is of special 
interest that the PCL–PTHF–PCL copolymer forms IC with β-CD, since a similar 
PCL–PPG–PCL copolymer was not found to form IC with β-CD in a previous report. 
31 It is also proposed, from our NMR, DSC, and XRD data, and a comparison with the 
literature, that two PCL–PTHF–PCL copolymer chains are included and covered by 
the largest γ-CD in a double-strand mode in the γ-CD–PCL–PTHF–PCL IC (Fig. 7(c)). 
Finally, the TGA results showed that the PCL–PTHF–PCL triblock copolymer in the 
ICs has better thermal stability, therefore, the complexation stabilizes the copolymer 
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Chapter 4 Supramolecular Self-Assembly and Hydrogel Formation between 






   Polymeric hydrogels have long been an interesting topic in both fundamental and 
applied research because of their unique bulk and surface properties. Recently, 
physical hydrogels, or non-covalently cross-linked hydrophilic polymer networks 
have attracted special attention and have been widely studied as smart materials that 
are capable of responding to external stimuli such as temperature and pH.1-11  
   Cyclodextrins (CDs) are a series of cyclic oligosaccharides composed of 6, 7, and 8 
D(+)-glucose units linked by α-1,4-linkages, and named α-, β-, and γ-CD, 
respectively.12, 13 The hydrophobic cavities of CDs have a similar depth of ca. 7.0 Å, 
but different internal diameters of ca. 4.5, 7.0, and 8.5 Å for α-, β-, and γ-CD, 
respectively. Therefore, guest molecules of varying shapes and sizes can be included 
into the cavities and form complexes in different stoichiometric ratios. CDs form 
inclusion complexes not only with small guest molecules but also with polymers of 
different types and chain architectures.14,15 In recent years, the specific and strong 
interaction through formation of inclusion complexes between β-CD cavity and 
adamantane moiety has been used as physical cross-linking to achieve supramolecular 
hydrogels. Such systems formed by hydrophilic polymers bearing pendant β-CD 
moieties or a β-CD polymer cross-linked with adamantane end-capped linear 
polymers,16, 17 hydrophilic polymers bearing adamantane moieties cross-linked by β-
CD dimmers,18 and systems containing β-CD modified polymers and adamantane 
modified polymers19 were reported. Another class of significant supramolecular 
hydrogels systems was developed based on the inclusion complexation between CDs 
and linear polymers such as poly(ethylene glycol) (PEG) or its block copolymers,20-22 
which have found potential biomedical applications as interesting injectable hydrogel 
drug delivery systems.23-25  
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    In this chapter, we report the synthesis of a series of pyrene-terminated PEG star 
polymers (Chart 4.1), and the studies of their supramolecular self-assembly with CDs. 
It was reported that pyrene or its derivatives form inclusion complexes with β-CD and 
γ-CD in aqueous solutions, and a pyrene dimer is formed in a γ-CD cavity.26, 27 We 
hypothesized that the formation of pyrene dimer of the pyrene-terminated PEG star 
polymers with γ-CD may result in intermolecular cross-linking of the star polymers, 
which significantly increased the viscosity of the supramolecular systems and induce 
the formation of hydrogels. The purpose of using multi-armed PEG star polymers was 
to create a core-shell structure where the core consisting of PEG segments could 
retain water molecules, while multiple pyrene moieties are located at the ends of the 
PEG arms which are apart from each other and increases the chance for the pyrene 




4.2 Experimental Section 
4.2.1 Materials 
    PEG star polymers, PEG-4A(20k) (pentaerythritol poly(ethylene glycol) ether, 
molecular weight 20 kDa), and PEG-8A(10k) and PEG-8A(20k) (hexaglycerol 
poly(ethylene glycol) ether, molecular weight 10 and 20 kDa, respectively) were 
obtained from NOF company (Japan). 1-Pyrenemethylamine hydrogen chloride (95%) 
was purchased from Aldrich. N,N’-carbonyldiimidazole (CDI) was obtained from 
Aldrich. Triethylamine (99%) was purchased from Lancaster. Diethyl ether, methanol, 
and tetrahydrofuran (THF) were purchased from Merck. Α-CD, β-CD, and γ-CD were 
supplied by TCI (Tokyo, Japan). Methyl-β-cyclodextrin (referred to as β-mCD in the 
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text), with a mean degree of substitution of 10.5-14.7, was purchased from Sigma. 
DMSO-d6 (99.9%) used as solvent in the NMR measurements was obtained from 
Aldrich. THF was distilled under CaH2 to remove traces of water. Anhydrous DMF 
from Aldrich was used as received. 
 
4.2.2 Synthesis of Pyrene-Terminated PEG Star Polymers 
PEG-8A-Py(20k). PEG-8A(20k) (1.0 g, 0.050 mmol) was dehydrated at 100 ºC 
in vacuo overnight. In a 150 ml 3-neck flask fitted with a funnel and an oil bath, CDI 
(1.3 g, 8.0 mmol) was dissolved in 40 ml of anhydrous THF. The dehydrated PEG-
8A(20k) was dissolved in 50 ml of anhydrous THF and added dropwise to the CDI 
solution with stirring in N2 environment. The mixture was stirred at room temperature 
for 12 hours, followed by precipitation from 900 ml of diethyl ether. The precipitate 
was centrifugated and used for next reaction without drying. 
1-Pyrenemethylamine chloride (2.0 g, 7.1 mmol) was dissolved in 20 ml of 
methanol, and heated at 50 ºC for 2 h after adding triethylamine (2.1 g, 21 mmol). The 
resulting mixture was precipitated in cold water. The precipitate was centrifugated 
and lyophilized to give 1-pyrenemethylamine. 
In a 100-ml flask fitted with a pressure equalizing funnel, 1-pyrenemethylamine 
(0.28 g, 1.2 mmol) was dissolved in 40 ml of DMF. The activated PEG-8A(20k) (1.08 
g, 0.05mmol) was dissolved in 30 ml of DMF, which was added slowly to the 
solution of 1-pyrenemethylaminep with stirring in N2 atmosphere. The mixture was 
stirred at room temperature for 12 hours, and heated at 70 ºC for another 6 hours. The 
light yellow mixture was precipitated in 800 ml of diethyl ether. The precipitate was 
dissolved in methanol, and further purified by column chromatography with Sephadex 
LH-20. The pyrene-terminated PEG star polymer PEG-8A-Py(20k) was obtained as 
 75
light yellow waxy powder (0.82 g, yield 75%). 1H NMR (400 MHz, DMSO-d6, 22 
°C): δ=7.93-8.48 (m, ca. 71H, CH of pyrene, d of PEG-8A-Py(20k)), 4.88-4.98 (d, ca. 
14H, pyrene-CH2-NH, c of PEG-8A-Py(20k)), 4.05-4.15 (s, ca. 15H, pyrene-CH2-
NH-COO-CH2, b of PEG-8A-Py(20k)), 3.49 (s, ca. 1823H, OCH2CH2, a of PEG-8A-
Py(20k)). Anal. Calcd for C1052H1904O464N8: C, 57.20; H, 8.67; N, 0.51. Found: C, 
57.05; H, 8.98; N, 0.52. 
PEG-8A-Py(10k). PEG-8A-Py(10k) was prepared from PEG-8A(10k) (1.0 g, 
0.1mmol), CDI ( 2.6 g, 16 mmol), and 1-pyrenemethylamine (0.56 g,  2.4 mmol) in 
similar procedures. Yield, 0.86 g, 73%. 1H NMR (400 MHz, DMSO-d6, 22 °C): 
δ=7.93-8.48 (m, ca. 70H, CH of pyrene, d of PEG-8A-Py(10k)), 4.88-4.98 (d, ca. 15H, 
pyrene-CH2-NH, c of PEG-8A-Py(10k)), 4.05-4.15 (s, ca. 15H, pyrene-CH2-NH-
COO-CH2, b of PEG-8A-Py(10k)), 3.49 (s, ca. 909H, OCH2CH2, a of PEG-8A-
Py(10k)). Anal. Calcd for C598H954O232N8: C, 59.48; H, 8.33; N, 0.93. Found: C, 
58.37; H, 8.56; N, 1.05. 
PEG-4A-Py(20k). PEG-4A-Py(20k) was prepared from PEG-4A(20k) (1 g, 
0.05mmol), CDI (0.65 g, 4.0 mmol).), and 1-pyrenemethylamine (0.14 g, 0.6 mmol) 
in similar procedures. Yield, 0.75 g, 72%. 1H NMR (400 MHz, DMSO-d6, 22 °C): 
δ=7.93-8.48 (m, ca. 37H, CH of pyrene, d of PEG-4A-Py(20k)), 4.88-4.98 (d, ca. 7H, 
pyrene-CH2-NH, c of PEG-4A-Py(20k)), 4.05-4.15 (s, ca. 7H, pyrene-CH2-NH-COO-
CH2, b of PEG-4A-Py(20k)), 3.49 (s, ca. 1676H, OCH2CH2, a of PEG-4A-Py(20k)). 






4.2.3 Hydrogel Formation Tests 
   Hydrogels were prepared by mixing the aqueous solutions of polymers and α-CD 
(0.145 g/ml), β-CD (0.0222 g/ml), and γ-CD (0.193 g/ml) aqueous solutions. The 
final concentrations of the polymers were set to 15 wt % by adjusting α-CD (9.67 
wt%), β-CD (1.48 wt%), and γ-CD (12.8 wt%) solutions. The mixing procedure, 
including mixing polymer and CD solutions, sonication, and loading to the sample 
holder, must be finished in 3 minutes. The gelation time was recorded immediately 
when the solutions were mixed together, and the first data point was recorded at the 
time of 3 minutes after mixing. 
 
4.2.4 Measurements and Characterizations 
    1H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer (400 MHz) 
at room temperature.  Chemical shift of polymers were referenced to δ=2.5 ppm for 
DMSO. 
   Gel permeation chromatography (GPC) tests were conducted with a Shimadzu SCL-
10A and LC-8A system with two Phenolgel columns (50 and 1000 Å) in series and a 
refractive detector. THF was used as eluent at the rate of 0.30 mL/min at 40 ºC. 
Monodispersed poly(ethylene glycol) standards were used to obtain a calibration 
curve. 
    Fluorescence measurement was carried out on a Shimadzu RF-5301PC 
fluorophotometer. The excitation wavelength was set to 340 nm. All measurements 
were performed at 25 ºC. Fluorescence spectra of aqueous solutions of PEG-4A-Py 
and PEG-8A-Py at various concentration from 2×10-1 mM to 2×10-4 mM were 
recorded at the range from 350 to 600 nm, while the α-CD, β-CD, β-mCD, and γ-CD 
 77
concentration were varied from 1 mM to 100 mM with polymer concentration set to 
1×10-3 mM. 
    Absorption spectra were recorded on a Shimadzu UV-2501PC UV-vis 
spectrophtoemeter. The absorption values were recorded at 340 nm at 25 °C. 
    Rhelogical tests were performed on a Brookfield DV-Ш Rheometer with a sample 
adaptor SSA15/7R and a temperature controlling unit at 25 ºC. The program was set 
at 3 rpm except other specification to record the viscosity change during the 
experiment scope. Concentrations of polymers were set to 15 wt % of the whole 
mixture, while α, β, γ-CD concentrations were adjusted accordingly. 
 
 
4.3 Results and Discussion 
4.3.1 Synthesis of Pyrene-Terminated PEG Star Polymers 
   Chart 1 shows the structures of the starting PEG star polymers and the resultant 
pyrene-terminated PEG star polymers. Four-armed and 8-armed PEG star polymers 
with hydroxy ends of molecular weight 10,000 and 20,000 Da were used as starting 
materials. The hydroxy ends of the PEG star polymers were converted into pyrene 
ends according to the procedures shown in Scheme 4.1. The purity and molecular 
structures of the resultant pyrene-terminated PEG star polymers were confirmed by 
1H NMR spectroscopy and elemental analysis. As an example, Figure 4.1 shows the 
1H NMR spectrum of PEG-8A-Py(20k). All protons of the PEG core segments, 
ethylene oxide unit next to pyrene, the methylene attached to pyrene, and the aromatic 
protons of pyrene were all observed. The ratio of the integral intensity of the peaks 
showed that almost all hydroxy end groups were converted to pyrene ends. GPC 
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Chart 4.1 Structures of multi-armed PEG star polymers with hydroxy ends (a) and with pyrene 







         Scheme 4.1 Synthesis procedures of pyrene-terminated PEG star polymers. 
(OCH2CH2)n-OH ≡ PEG-4A or PEG-8A
(OCH2CH2)n-OH
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Figure 4.2 GPC elute curves of (a) PEG-8A(20k) and PEG-8A-Py(20k), (b) PEG-8A(10k) 
and PEG-8A-Py(10k), (c) PEG-4A(20k) and PEG-4A-Py(20k).   
terminated PEG star polymers have larger molecular size than their respective starting 
star polymers in Figure 4.2. 
4.3.2 Interaction between Pyrene-Terminated PEG Star Polymers and 
Cyclodextrins 
Pyrene has been widely used as a fluorescence probe to study the dynamics of 
chemical species at the molecular level. Changes of intensity of peaks and patterns of 
fluorescence spectra of pyrene were very sensitive to environmental changes. If a 
pyrene molecule in an excited state meets another pyrene molecule at the ground state, 
an excimer will be formed giving a broader emission at lower energy due to its 



























Figure 4.3 (a) Fluorescence spectra of PEG-8A-Py(20k) aqueous solutions at various 
concentrations (2.0x10-4 - 2.0x10-1 mM). (b) Plot of Ie/Im  of the spectra in (a). 
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associations29, cyclization30 and supramolcular self-assembly with aids of host 
molecules.31  
   The interaction between the pyrene-terminated PEG star polymers and CDs in dilute 
aqueous solutions was studied using fluorescence spectroscopy. Figure 4.3 shows the 
typical fluorescence emission spectra of PEG-8A-Py(20k) at various concentrations. 
There is a dual emission: monomer emission bands (from 380 to 430 nm) and a broad 
excimer band ( from 430 nm to 600 nm, with the peak at 480 nm).32 Generally, the 
intensity of both monomer and excimer emissions increases with the increase in 
polymer concentration until the polymer concentration reaches 2 × 10-2 mM. After 
that, the emission intensity decreases with the increase in polymer concentration. The 
ratios of Ie/Im of the polymer also change abruptly at around 1 × 10-1 mM. The 
possible reason is that the polymer aggregates magnificently when the concentration 
of the polymer reaches a certain level. Therefore, the polymer concentration was set 
to 1 × 10-3 mM for our studies of the interaction between the pyrene-terminated PEG 
star polymers and CDs in a very dilute condition. 
    It is known that α-CD, β-CD, and γ-CD have inner diameters of 4.5, 7.0, and 8.5 Å, 
respectively, while pyrene has a diameter of ca. 7.9 Å. There should be some 
selectivity when pyrene forms inclusion complexes with CDs.26, 27  
   Figure 4.4 shows the emission spectra of PEG-8A-Py(20k) in the absence and 
presence of α-CD, β-CD, methyl substituted β-CD (β-mCD), and γ-CD at different 
concentrations. The spectra of PEG-8A-Py(20k) remain almost no changes at the 
presence of α-CD, indicating that there is no specific interaction between pyrene 
moiety and α-CD due to the small cavity of α-CD, as reported previously.26, 27 In the 













Figure 4.4  Fluorescence spectra of PEG-8A-Py(20k) (1x10-3 mM) at various 
concentrations of (a) α-CD, (b) β-CD, (c) β-mCD, (d) γ-CD aqueous solutions 





    0  m M
(a)     2  m M  1 0  m M
  2 0  m M
  5 0  m M
1 0 0  m M
(b)
  
    0  m M
    2  m M
  1 0  m M
  2 0  m M
  5 0  m M





  0  m M
  1  m M
  3  m M
  5  m M
  8  m M
1 0  m M
3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0
 
 
W a v e l e n g t h  ( n m )
   0  m M
   2  m M
 1 0  m M
 2 0  m M
 5 0  m M
1 0 0 m M
 84
excimer emission decreases slightly with increasing β-CD concentration. The changes 
are not prominent because the β-CD has limited solubility. Here, we used β-mCD, 
which has a similar cavity size but much better water solubility, to investigate the 
effect of the cavity of medium size. Due to the higher solubility in water, the case of 
β-mCD shows a more apparent trend: the intensity of monomer emission becomes 
much higher, while that of excimer becomes much lower with increasing β-mCD 
concentration. The results indicate that the medium size cavity include a single pyrene 
moiety of PEG-8A-Py(20k). The intensity of excimer emission increases significantly 
with increasing γ-CD concentration, while the intensity of monomer emission does 
not change much. The results indicate that γ-CD cavity can interact with the terminal 
pyrene moieties to facilities the formation of pyrene excimer.26  
     In Figure 4.5, the plot of Ie/Im ratio of PEG-8A-Py(20k) against the concentration 
of different CDs  clearly shows the trends described above. Adding α-CD to aqueous 
solution of PEG-8A-Py(20k) does not affect the fluorescence intensity and pattern, 
while the values of Ie/Im decrease with increasing β-CD or β-mCD concentration, but 
increase with increasing γ-CD concentration. Due to the small cavity size, α-CD could 
not include the pyrene moieties at all, so there is no significant change of Ie/Im ratio 
with adding α-CD. The cavity of β-CD only could include a pyrene moiety partially, 
hinders another pyrene moiety to approach or to be included, which reduces the 
chance to form pyrene dimers, thus suppresses the excimer emission. When a pyrene 
moiety is included in the cavity, the cavity offers more hydrophobic environment and 
help the excited pyrene molecule shield from quenching and non-radiative decay in 
bulk solution.33 In the case of γ-CD, two pyrene molecules could be fit into its cavity 
in either intramolecular or intermolecular modes, which increase lifespan of excimer 
and the intensity of excimer emission increases when adding γ-CD.34 
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4.3.3 Formation of Supramolecular Hydrogels between Pyrene-Terminated PEG 
Star Polymers and CDs. 
    We found that the pyrene-terminated PEG star polymers at high concentrations 
could form strong hydrogels with γ-CD within seconds after mixing with γ-CD. 
Figure 5 shows the optical photographs of PEG-8A(20k) and PEG-8A-Py(20k) 
dissolved in water in the absence and presence of CDs. For the PEG-8A(20k), no 
gelation took place within 20 seconds. The PEG arms could penetrate α-CD cavity 
and form inclusion complexes, which induced the formation of hydrogel of the 
mixture of PEG-8A(20k) and α-CD about 5 minutes after the mixing. Because the 
gelation only could happen when many α-CD molecules were threaded onto the PEG 
chain, the gelation took relatively long time. Such gelation mechanism has been 
extensively discussed in our previous reports.20, 21, 23, 24 β-CD and γ-CD did not affect 
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the viscosity of PEG-8A(20) significantly and there was no gelation taking place for 
those mixtures, as shown in Figure 4.6(a). 
   In contrast, the mixture of PEG-8A-Py(20k) with γ-CD formed viscous hydrogel 
almost immediately after the mixing, as shown in Figure 4.6(b). We propose that the 
rapid gelation process was induced by the inclusion complexation between γ-CD and 
the pyrene moieties of PEG-8A-Py(20) where two pyrene moieties were included 
together to form a pyrene dimer acting as a physical cross-linking site. This is a 
different mechanism from that for gelation between PEG and α-CD, where many PEG 
segments must be included and further self-assemble to form crystal domains as 
physical cross-links. Therefore, the gelation of α-CD-PEG is a slow process and the 
gels are opaque and non-transparent, while the gelation of γ-CD-PEG-8A-Py(20k) is a 
rapid process and the gels are transparent. For the mixtures of PEG-8A-Py(20) with α-
CD, there was no gelation taking place because the PEG was end-capped with pyrene 
which is too big to penetrate α-CD. For the case of PEG-8A-Py(20) and that of the 

































Figure 4.6 Optical photographs of  (a) PEG-8A(20k) and (b) PEG-8A-Py(20k) 
dissolved in water in the absence and presence of CDs. The concentrations of star 
PEG polymers in the mixture with CDs were 15 wt %, while those of CDs were 
9.67 wt % for α-CD, 1.48 wt % for β-CD, and 12.8 wt % for γ-CD. 
20 seconds after mixing 5 minutes after mixing
(b) 
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Figure 4.7 Fluorenscence spectra of PEG-8A-Py(20k) in (1a) water; (1b) α-CD (9.67 wt %) 
aqueous solution, (1c) β-CD 1.48 wt %) aqueous solution, (1d) γ-CD (12.8 wt %) aqueous 
solution at 25 °. (2) Ratio of Ie/Im of of PEG-8A-Py(20k) in α-, β-, γ-CD aqueous solution 





   Due to the differenr inclusion modes of terminal pyrene with α, β and γ-CD, 
rheological measurements were conducted for pyrene-terminated  PEGs star polymers 
to test their viscosity properties. Figure 4.8  shows that viscosity of PEG-8A-Py(10k) 
in a 15wt% concentration does not change in the presence of α-CD, while the 
viscosity of mixture of PEG-8A-Py(10k) and β-CD reduces slightly, and in the case of  
γ-CD,  the viscosity of the mixture increases dramatically.  
   Figure 4.9 shows that  all the samples have the same concentration in the mixtures 
(15 wt%) in the presence of γ-CD.  The viscosityof the mixture of PEG-4A-Py(20k) is 
much lower than that of PEG-8A-Py(20k), and PEG-8A-Py(10k) has the highest 
viscosity among the three specices,  when  γ-CD is added in various ratios according 
to the  concetration of pyrene in the final mixture. Pyrene concentration of PEG-8A-
Py(10k) is almost two time of that of PEG-8A-Py(20k) at the same weight, while 
PEG-4A-Py(20k)has the lowest concentration of pyrene at the same weight.  The 
strengh of the mixture of γ-CD and pyrene-terminated PEG star polymers corresponds 
to the pyrene concentration in the mixture. The one reasonable explanation is that 
viscosity change is determined by the supramolecular interactions between pyrene and 
γ-CD, which could be acted as physical crosslinking sites to the network.  The highest 





























Figure 4.9 Change of viscosity of PEG-4A-Py(20k) (   ), PEG-8A-Py(20k) (   ) and 
PEG-8A-Py(10k) (   ) in γ-CD aqueous solutions ( Concentration of  polymers were 
set at 15 wt% in the mixture, and the concentration of CDs were changed based on the 














α-, -, and β γ-CD  solution 
(Concentration of  polymers were set at 15wt%, and CD concentration was set to the molar 
















4.3.4 Gelation kinetics  and mechanism studies of interactions between Pyrene-
Terminated PEG Star Polymers and CDs 
   As to the inclusion complexization between γ-CD and the terminal pyrene of the 
polymers,  intermolecular and intermolecular assemly modes are possible. It is 
supposed that the major inclusion interactions should be  in an intermolecular mode, 
otherwise viscosity of the final mixture between star PEGs end capped with pyrene 
and  γ-CD would decrease for the reason that the hydrophobic pyrene ends would be 
fit into the cavity of γ-CD, thus reduce the potential of self-assemly of the polymer 
chains by the hydrophobic interaction of pyrene, which is attributed to the increasing 
the viscosity of the solution, compared to the hydroxylic groups counterparts. Under 
the same procedure, star PEGs end capped with pyrene could form more viscous 
hydrogels than those with hydroxylic groups, and the time of hydogel formation is 
much shorter ( in less 20 senconds), while PEGs with free hydroxylic ends needs 
more than 20 mins to increase viscosity significantly. It is known that the 
supramolecular hydrogels between PEG and CD is fabricated by the crystalline parts  
formed by CD aligning  along the polymer chain with the inclusion interactions, and 
the procedure is controlled by diffusion of CD in the system. It would take rather a 
longer time for CDs to cover the individual polymer chain and assemble to form the 
supramolecular network by the stack and aggregation of the crystalline parts. Star 
PEGs end capped with pyrene is rather easy to be assembled  to form the 
supramolecular system just by inserting  the pyrene ends into cavites of CDs by  
intermolecular mode to form the physical crosslinking network, and the final strength 
of  the formed hydrogels has a direct relation to the concentation of  terminal pyrene 





































Figure 4.10  Gelation curves of multi-arm PEG end capped with pyrene and hydroxylic 
counterparts (a) PEG-4A-Py(20k) (▲)and PEG-4A(20k) (■ ) in saturated aqueous γ-CD 
solution and PEG-4A-Py(20k) (♦ ) in water; (b) PEG-8A-Py(20k) (■) and PEG-8A(20k) 
(▲) in saturated aqueous γ-CD solution and PEG-8A-Py(20k) (♦) in water. 
(Concentration of polymers in the mixture were set to 15 wt%) 
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From the kinetic trends shown in Figure 4.10, it could sugget that the majority pyrene 
ends of the polymer prefer to take intermolecular mode to form some supramolecular 
network with aids from γ-CD, which is the main cause of viscosity change. The 
possible routes for the interations between multi-arm PEG end-capped with pyrene 
and α-, β- and γ-CD are shown in Scheme 4.2. The size of α-CD is too small to hold a 
pyrene molecule, and there is no interaction between α-CD and pyrene-terminated 
PEG star polymers. The cavity size of  β-CD can accommodate a pyrene partially, 
which is the reason of reducing hydrophobic interactions among the pyrene-
terminated PEG star polymers, thus reduce the viscosity of mixture. In the presence of  
γ-CD, cavities of γ-CD induce the formation of dimers of pyrene in the intermolecular 
mode, and  dimers act as physical cross-linker to the supramolecular self-assembly 





 Multi-arm star PEG-4A, PEG-8A (10, 20k) end capped with pyrene  were 
synthesized by conjugating 1-pyrenemethylamine to the ends of polymer. 
Fluorescence and viscosity measurement determined that pyrene moieties of the 
synthesized polymer could be included into cavities of β-CD in a ratio of 1:1, while 
the ratio was changed to 2:1 in the presence of  γ-CD. The supramolecular self-
assembly hydogels formed between the synthesized polymers and γ-CD aqueous 
solution  have a higher viscosity and a  shorter gelation time compared to that of 
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Chapter 5 Supramolecular Self-assembly Micelle-like Structures Based on 
















   Self-assembly has been studied extensively in the supramolecular chemistry for 
various applications. Supramolecular self-assembly relies on non-covalent 
interactions to form associations of molecules with stable and complex structures 
spontaneously in a controllable way.1,2 The driving forces are various non-covalent 
intermolecular interactions like hydrogen bonding, dipolar interactions, and van der 
Waal’s forces.3 The formed complex structures include self-assembled monolayers 
(SAMs),4,5  aggregates from surfactant molecules (micelles and liposomes),6  
nanoparticle,7 host-guest inclusion complexes.8,9 The controlled and reversible 
assembly of functional entities are one of the most important aspects of 
supramolecular chemistry.10  
   Dendrimers are symmetrical and highly branched three-dimensional 
macromolecules with three architecture components: a core, an interior shells 
consisting of repeating cell unit and terminal functional groups. Among various types 
of dendritic polymers, poly(amidoamine) (PAMAM) is the most extensively 
characterized and the most common use species in various applications.  The  voids of 
dendrimers can be potential hosts for small guest molecules, like drug and dyes,11 and 
its compositions determine the guest-host properties, while the surface groups control 
the entry or departure of guest from the interior of dendrimer (dendritic box) .12 By 
modifing the periphery by ferrocene and adamantane,13,14 the dendritic molecules 
could easily fabricate supermolecular assembly aggregation with aids of suitable CD 
hosts of high affinity to the outsurface terminals of dendrimers.15  
   Cyclodextrins (CDs) are a series of cyclic oligosaccharides composed of 6, 7, or 8 
D(+)-glycose units linked by 1,4-linkages as α, β, and γ-CD respectively and  the 
internal diameter is 4.5, 7.0, and 8.5 Å. Different cross-section areas and hydrophobic 
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cavities grant CD the special properties in molecules recognition, which has been  
widely studied as host molecules in supramolecular chemistry.16,17  Various polymers 
with functional groups have been used to fabricate supramolecular self-assembly 
structures  with CDs in specific selectivity.18-21 Due to high association constant of 
inclusion complexes between adamantane and β-CD ( up to 104-105 M-1), the high 
affinity between two components has been exploited to from self-assembly systems in 
applications such as drug delivery,22 gene therapy,23, 24 and nanofabrication.25  
   In this work, nanoparticles complexes from the supramolecular self-assembly 
system based on methyloxy poly(ethylene glycol) (mPEG) termiated with adamantane 
and conjugation of β-CD to periphery of poly(amidoamine) generation 0.5  with 
carboxylic groups, were prepared and characterized. Interaction mode of two 
components in the complexes was  investigated by 1H NMR measurements. Particle 
sizes and distribution of the complexes  measured by DLS, and TEM and SEM were 
used to observed the morphology of the micelle-like aggregation directly. 
 
5.2 Experiment Sections 
5.2.1 Materials 
   β-CD was purchased from Fluka , p-toluene sulfonyl chloride was gotten from Alfa 
Aesar , ethylenediamine  was gotten from Aldrich. 1-adamatanemethylamine (98%)  
was from Acros. β-CD Polyaminoamine(PAMAM) dendrimer terminated with amine 
and carbonyl group were gotten from Dendritech®. N-(3-dimethyl(aminopropyl)-N’-
ethyl carbodiimine hydrochloride (EDC) was from Sigma, N-hydroxybenzotriazole 
(HOBT) and triethylamine (99%) were purchased from Lacaster. Pyrene was obtained 
from Fluka. N, N’-carbonyldiimidazole (CDI) was obtained from Aldrich. 
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Methyoxyl-PEG-OH (2k) was supplied by Sigma. Anhydrous DMF, diethyl ether and 
petroleum spirit were used as received. 
 
5.2.2 Synthesis of Methyloxy PEG-Adamantane (mPEG-Ad) 
   Methyloxy PEG(2k)-OH (0.55g, 0.28 mmol) was dehydrated at 100 ºC in vacuo 
overnight. In a 100 ml 3-neck flask fitted with a funnel and an oil bath, CDI (0.89 g, 
5.5 mmol) was dissolved in 20 ml anhydrous DMF. The dehydrated methyloxy 
PEG(2k)-OH was dissolved in 20 ml anhydrous DMF and added dropwise to the CDI 
solution under stirring in N2 environment, and stirred at room temperature for 12 h. 
The resultant mixture was precipitated in 1000 ml petroleum spirit, and the 
precipitation was collected by centrifugation.  
   In a 100 ml flask fitted with a pressure equalizing funnel, adamantane methylamine 
(0.136 g, 0.82 mmol) was dissolved in 20 ml anhydrous DMF. Activated methyloxy 
PEG(2k) was dissolved in 20 ml DMF, and the forming solution was added slowly to 
the solution of adamantane methylamine under stirring in N2 environment. The 
mixture was stirred at room temperature for 12 h, and heated at 70 ºC for 6 h. The 
light yellow mixture was precipitated in 800 ml petroleum spirit. The precipitate was 
dissolved in methanol, and run through the column filled with  Sephadex LH-20, 
methanol as eluent. The waxy powder (0.41 g) was obtained in 75% yield after 
residues of methanol were removed under reduced pressure.   1H NMR (D2O) δ= 4.37 
ppm (s, 2H, CH2 of terminal PEG), 3.72 ppm (s, 213H,  CH2CH2O of PEG), 3.44 ppm 
(s, 3H, OCH3 of PEG), 2.87 ppm (s, 2H, NCH2 of adamantane), 2.05-1.52 ppm (m, 




5.2.3 Synthesis of 6-O-Tosyl-β-Cyclodextrin 
   According the procedure,26 a grinded mixture of p-toluenesulfonyl chloride (2.5g, 
13.1mmol) and β-cyclodextrin (10.0 g, 8.68 mmol) was dispersed  in water (220 ml) 
and stirred at ambient temperature for 2 h under N2 environment. Aqueous solution of 
NaOH (2.5 M, 40 mL) was added and the mixture stirred for another 10 min before 
filtering solid unreacted p-toluenesulfonyl chloride. 
Ammonium chloride was adjusted the final pH = 8. The filtered solution was put to 
stand at 4 ºC overnight and collected the white suspension by suction filtration, 
washed by 200 mL acetone and dried in vacuo to get 3.65 g of the final product. 1H 
NMR (DMSO-d6) δ=7.74 (d, 2 H, CH of benzene), 7.42 (d, 2H, CH of benzene ), 
5.80-5.60 (m, 14 H, OH1 and OH2 of CD), 4.86-4.74 (m, 7 H, H1 of CD), 4.55-4.15 
(m, 6 H, OH3 of CD), 3.75-3.42 (m, 25 H, H2,3,4,5,6 of CD), 2.42 ppm (s, 3 H, CH3 of 
tosylate). 
 
5.2.4 Synthesis of 6-Deoxy-6-(Aminoethylamino)- β-Cyclodextrin 
   A solution of 6-O-tosyl- β-CD (6 g, 4.66 mmol) in anhydrous DMF (40 ml) was 
added dropwise to a mixture of ethylenediamine (35 mL) and DMF (10 mL) and the 
final mixture was stirred at 65 ºC overnight under N2. The resulting solution was 
poured into acetone (1 L) and collected the formed precipitation by centrifugation. 
The precipitation was dissolved in 30 ml water and poured into acetone (1 L). The 
crude product was collected by centrifuge, then dissolved in 50 ml water to perform 
dialysis 5 days in a tube of MWCO 100. The faint yellow powder (4.56 g, 76%) was 
collected  as the final product after lyophilization. 1H NMR (DMSO-d6) δ=5.10 ppm 
(s, 7H, H1of CD), 4.03-3.75 ppm (m, 26H, H3, H5, H6 of CD), 3.73-3.55 ppm (m, 14H, 
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H2, H4 of CD), 2.81-2.69 ppm (m, 4H, CH2CH2N). Anal. calcd for C44H76N2O34: C 
44.90, H 6.51, N 2.38; found : C 42.77, H 6.57 N 2.46. 
 
5.2.5 Synthesis of Polyamidoamine (G0.5)-βCD (PAM G0.5- βCD) 
   A solution of sodium salt of polyamidoamine (G0.5) terminated with carboxyl in 
methanol was adjusted pH value to 1 and lyophilized. PAMAM G0.5-COOH (0.193 g, 
0.100 mmol) was dissolved in 10 ml deionized water, and adjusted the resulting 
mixture to pH 6.8 after adding β-CD-NH2 (1.88 g, 1.6 mmol). A mixture of EDC 
(0.184 g, 0.96 mmol) and HOBt (0.129 g, 0.96 mmol) was dissolved in a 3 ml mixed 
solution of H2O and DMSO (1:1), and added to the reactant mixture. The reactant 
mixture was stirred at R. T. for 48 h, and diluted  into 50 mL aqueous solution to 
perform dialysis with the tube of MWCO (1000) for 3 days. The dialysized solution 
was concentrated to 5 ml, and run the column with a filler of Sephedex G-75 to 
collect the right fractions after testing the elute by rotation measurement. 1H NMR 
(D2O) δ=5.10 ppm (s, 7H, H1of CD), 4.03-3.75 ppm (m, 28H, H3, H5, H6 of CD), 




   NMR Measurements. The 1H NMR spectra were recorded on a Bruker AV-400 
NMR spectrometer at 400 MHz at room temperature. The 1H NMR measurements 
were carried out with an acquisition time of 3.2 s, a pulse repetition time of 2.0 s, a 
30° pulse width, 5208-Hz spectral width, and 32 K data points. Chemical shifts were 
referred to the solvent peaks (δ=4.79 ppm for D2O, δ=2.50 ppm for DMSO).  
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   Gel permeation chromatography (GPC) Analysis was carried out with a 
Shimadzu SCL-10A and LC-8A system equipped with two Phenogel 5µ 50 and 1000 
Å columns (size: 300×4.6 mm) in series and a refractive detector. THF was used as 
eluent at a flow rate of 0.30 mL/min at 40 °C. Monodispersed poly(ethylene glycol) 
standards were used to obtain a calibration working curve. 
   Fluorescence Spectroscopy. Steady-state fluorescence spectra were recorded on a 
Shimadzu RF-5301PC spectrofluorophotometer. Excitation spectra were obtained 
with the excitation wavelength set at 373 nm. The slit widths for both excitation and 
emission sides were maintained at 1.5 nm. Pyrene was chosen as fluorescent probe to 
study the onset point of  micellization of polymer by monitoring variants of ratios of 
I337/I334 of emission spectra. Sample solutions were prepared by dissolving a 
predetermined amount of block copolymer in an aqueous pyrene solution of known 
concentration, and the solutions were allowed to stand for equilibration. The 
concentration of pyrene was kept at 6.0×10-7 M. 
   Dynamic light scattering measurements (DLS) Particle size and size distribution 
were determined by dynamic light scattering at 25° C using Malvern Zatesizer N90 
with  a wavelength set at 633 nm. Polystyrene (PS) latex standards was used as 
standards to calibrate the instrument in a 0.1 mol NaCl solution at 25° C. The 
concentration of samples was set to 1 mg/mL and filtrated by 0.2 µm filter before use. 
   Atomic force microscopy (AFM) The samples on mica was examined  by a 
Dimension 3100 (Digital Instrument, USA) using tapping mode at 25° C. The 
cantilever tips were chosen to SSS-NCHR (2 µm, Nanosensors). Samples were 
dissolved in MilliQ® water, and the ultrathin films were prepared by spin-coating of 
samples with various concentrations on the fresh cleaved mica surface, then air-dried 
at room temoperature. 
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   Transmission Electron Microscopy (TEM).  The morphological studies were 
performed on  a Philips CM300 FEGTEM operating at an accelerating voltage of 300 
kV at ambient temperature.  A drop (20 µL) aqueous solution of the specimens (0.5 
mg/mL) containing 0.05wt% sodium salt of phosphotungstic acid (PTA) was 
deposited onto a 200 mesh copper grids coated with carbon for 1 min. Excessive 
solution was removed by tapping the grid using a Kimwipe delicate wipe. The 
samples were finally dried at room temperature prior to measurement. 
 
5.3 Results and Discussion 
   According to the procedure of  shown in Scheme 1, methylxoy poly(ethylene glycol) 
terminated with adamantane moiety (mPEG(2k)-Ad) was synthesized by conjugating 
adamantane methylamine after activation of hydroxyl end by CDI. Molecular weight, 
and molecular weight distribution of mPEG(2k)-Ad used in this study,  were 
determined by combination of GPC and 1H NMR.GPC shows that Mn=2639, 
Mw=2753, Mw/Mn=1.04, which is conform to the data from 1H NMR.  
 
                                             




































Sheme 5.1 Synthesis route of mPEG(2k)-Ad. 
 
     Pyrene was widely chosen as a sensitive fluorescence probe to study aggregation 
of amphiphlic  polymers.27 Due to its preferentially partitions into the hydrophobic 
core of polymeric micelles with a concurrent change in its photophysical properties, 
the onset of the formation of polymeric micelles was easily confirmed by a 
fluorescence technique using pyrene as a probe.28,29 Therefore, the critical micelle 
concentration (CMC) value of mPEG(2k)-Ad in aqueous solution was determined 
using static fluorescence measurements with the pyrene probe. The value of CMC of 
mPEG(2k)-Ad was found to be 1.38 mg/mL. The data show that mPEG-Ad might 
have a limited tendency to aggregation in the aqueous solution, and the weak 
interaction of  adamantane from unfavorable steric hindrance just make mPEG-Ad 
molecules to form a “loose” association network.30 The bulkiness of the adamantane 
groups prevents them from forming the hydrophobic aggregation domains as do long 
























































                              Scheme 5.2 Synthesis route of PAMAM-βCD 
                                     
   The synthesis route of modification of the periphery surface PAM G0.5-COOH with 
β-CD is shown in scheme 5.2. It is about four β-CD molecules conjugated to one 
PAM G0.5-COOH outshell based on the ratio calculated  from 1H NMR. Due to 
specific precise fitting to adamantane molecules with high binding constant to 105 M-1, 
32, 33 β-CD apolar cavities provide multiple host sites to accommodate adamantane 
moiety as guest ligands. To verify the interaction mode of supramolecular interactions 
between adamantane moiety and β-CD attached on the surface of dendrimer, 1H NMR 
was adopted to study the mechanism of self-assembly of PAM G0.5-βCD and 








a b c 
(a) 
Figure 5.1 1H NMR (D2O) of (a)mPEG(2k)-Ad; (b)PAM G0.5-βCD;(c)mPEG(2k)-
Ad and β-CD. (ada: βCD=1:1); (d)PAM G0.5-βCDand mPEG(2k)-Ad (ad: βCD=1:1) 
 
spectrum of mPEG(2k)-Ad in D2O, which indicates the peak of adamantane in a free 
state locating around 1.5-2.0 ppm. When β-CD was added in a 1:1 ratio to the 
adamantane terminal of mPEG(2k)-Ad, the peaks of adamantane group shifted 0.1 
ppm to low field in the spectrum, which indicated that the adamantane group was 
included into the cavity of β-CD and formed intermolecular complexes.34 When 
mPEG(2k)-Ad was mixed with pam G0.5-βCD by adjusting adamantane to β-CD in 
1:1 ratio, peaks of adamantane in the spectrum (Figure 1d) showed the similar 0.1 
ppm shift to low field, which hinted a supramolecular self-assembly structure 
fabricated by forming the inclusion complexes through threading adamantane end of 
mPEG(2k)-Ad into β-CD cavities of  PAM G0.5-βCD. The formed complex should 









   Figure 5.2 Interaction mode of PAM G0.5-βCD and mPEG(2k)-Ad. 
                          
     The hydrophobically driven interactions involving a specific matching between 
adamantane and β-CD might be the determing factor to formation of the 
intermolecular inclusion complexes, which lead to form supramolecular self-assembly 
structure. The possible mechanism was shown in Figure 5.2. In an aqueous solution, 
unfavorable entropy effect from  hydrophobic  adamantane terminal of mPEG-Ad 
prefer to relocate adamantane ends to more hydrophobic environment rather than 
polar aqueous solution, while apolar environment of  β-CD cavities could  provide the 
suitable inclusion sites, and disrupt the intermolecular association of adamantane 
terminated mPEG at low concentration.35 β-CDs located on  periphery of PAM G0.5-
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βCD provide multiple linking-sites to locate several adamantane ends of mPEG(2k)-
Ad polymer chain  spontaneously, thus micelles-like supramolecular self-assembly 




























































Figure 5.3 Particle sizes and distribution of (a) PAM G0.5-COOH; (b) PAM G0.5-






   The formed supramolecular aggregations in aqueous were characterized by  
dynamic light scattering (DLS) to get the particle size and distribution. It is known 
that PAMAM G1 has a similar structure to PAM G0.5-COOH, and its hydrodynamic 
diameter is 1.58 nm.36 Figure 5.3 shows that  PAM G0.5-COOH has average diameter 
of 1.54±0.10 nm, and the average diameter increased to 2.85 ±0.20 nm after β-CD 
moieties conjugated to the outsurface of PAM G0.5-COOH, while the average 
diameter of particles formed by complexes of mPEG(2k)-Ad and PAM G0.5-βCD  
can reach 5.72±0.20 nm. The average diameter of mPEG(2k)-Ad was around 
2.95±0.03 nm at the same concentration of  the complexes, so the diameter increasing 
should be mainly caused by the inclusion adamantane ends of mPEG-Ad into cavities 
of  β-CD of PAM G0.5-βCD. 
   In Figure 5.4, AFM images of PAM G0.5- βCD and complexes with mPEG(2k)-Ad 
were shown. The particles of PAM G0.5- βCD take a spherical shape, and complexes 
of  PAM G0.5- βCD and mPEG(2k)-Ad also take an approximately spherical shape in a 
larger size. The average height of PAM G0.5- βCD was 2.37±0.17 nm, and the average 
diameter was 14.32±2.50 nm, while the average height of the formed complexes was 
2.94±0.19 nm, and the average diameter was 18.40±4.41 nm. The measured diameter 
of dendrimer and its complexes  are much larger than the theoretical values, 37 which 
indicates that the low generation of dendrimers are soft materials and easily 
deformed.The flatten deformation is caused by the unique morphology and chemical 
structure PAMAM dendrimer and interactions between polymer  mica.38  
    TEM images showed morphology of complexes in Figure 5.5. The formed 
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Figure 5.4 AFM images of (a) PAM G0.5-βCD; (b) PAM G0.5- βCD and mPEG(2k)-







                                   
 113
   5.12±0.41 nm; while the particle of  PAM G0.5- βCD had an average diameter of 
3.38±0.36 nm. The results were consistent to those from DLS and AFM. From TEM 
image of the complexes, most of particles were comprised a dark region surrounded by a 
light region, and the light region should correspond to the diffuse coil formed by the PEO 
chains, while the dark region is the dense core of PAMAM.  
 
5.4 Conclusion 
   We have synthesized PAM G0.5-βCD and methyloxy PEG(2k) terminated with 
adamantane as two components of self-assembly aggregation. 1H NMR demonstrated 
supramolcular self-assembly micelle-like structure were fabricated by formation the 
inclusion complexes between adamantane terminals and βCD moieties of two 
components respectively. Low-field shift of adamantane verified the formation of 
inclusion complexes was the drive force of spontaneous aggregation of two 
components. DLS results confirmed that particle size of the formed complexes  
increased in dimension  after the complexes were formed.   Images of AFM and TEM 
image showed the micelle-like morphology of the complexes from the modified 
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Figure 5.5 TEM pictures of (a)PAM G0.5-pam G0.5-βCD; (b)PAM G0.5- βCD and 
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 6.1 Conclusions 
   A systematical research was carried out on the host-guest interactions involving 
cyclodextrins (α-CD, β-CD, and γ-CD) and copolymers of different chain 
architectures such as linear triblock, star-shaped, or dendritic copolymers. A number 
of supramolecular self-assembly systems based on such copolymers and cyclodextrins 
were fabricated and studied.  Interaction modes of the formed supramolecular systems 
and mechanism of self-assembly were also discussed.  
    First it was found that α-, β-, and γ-CDs could form  inclusion complexes (ICs) 
with biodegradable poly(ε-caprolactone)–poly(tetrahydrofuran)–poly(ε-caprolactone) 
(PCL–PTHF–PCL) triblock copolymers in different modes. Although PCL–PTHF–
PCL triblock copolymer forms ICs with all α-, β-, and γ-CDs, the ICs adopt different 
structures depending on the sizes of the internal cavities of CDs. Only the two 
flanking PCL blocks are included and covered by α-CD in the α-CD–PCL–PTHF–
PCL IC, while all three blocks are included in β-CD channel and take a contracted 
structure, and two PCL–PTHF–PCL copolymer chains are included by the largest γ -
CD in a double-strand mode. Based on the model complexes between linear 
copolymers and CDs, it was interesting to study the other morphological structures 
self-assembly systems. 
  The second supramolecular system was formed between CDs and multi-arm star 
poly(ethylene glycols) (PEG) with the ends capped by pyrene. Pyrene was adopted as 
both fluorescent probe and guest molecule in the formed supramolecular system. 
Considering the different patterns of excitation/emission fluorescent spectra of α, β, γ-
CD with the polymer terminated with pyrene, it can be concluded that α-CD shows no 
interaction with the copolymers, while the cavity of β-CD includes only one pyrene 
end, and γ-CD includes two pyrene ends from different polymer chains. Rheolocial 
 120
measurements showed that the addition of  γ-CD could increase viscosity of the 
aqueous solution with the multi-arm copolymers magnificently, which indicated that 
the formation of inclusion complexes between pyrene terminals from star copolymers 
and γ-CD, and  the complexes could act as crosslinking sites and result in the gelation 
of the copolymers. Kinetic studies showed that the self-assembly complex can be 
formed fast and strength of the supramolecular hydrogel formed was much better than 
that of PEG counterparts with hydroxyl ends.  
   Finally, polyamidoamine (PAMAM) dendrimers G0.5 with β-CD on the periphery 
surface and linear methylxoy PEG (2k) with adamantane at one end were used to 
construct micelle-like supramolecular structures. Strict morphological structure, 
multiple surfaces function groups and semi-rigid properties grant the dendrtic 
molecules the special properties as scaffold to fabricate the complex aggregations. 
Conjugating β-CD as host sites on the periphery outface of PAMAM G0.5, the 
modified PAMAM-β-CD dendrimers act as a macromolecular core in aqueous 
solution, while the strong complexation between β-CD cavities and adamamtane links 
a few PEG chains to this core, and form a PEG shell similar to that in the micelles of 
am amphiphilic block copolymer. Spontaneous aggregation of  supramolecular self-
assembly systems between  PAMAM-β-CD and mPEG-Ad was driven by  the high 
affinity complexation of apolar cavities of  β-CD and adamantane under hydrophobic 
interactions. The increasing size of the complexes between PAMAM-β-CD and 
mPEG-Ad was confirmed by DLS measurements, and images from AFM and TEM 
also verified the formation of micelles-like structures 
     The study has demonstrated that the size correlation between the cavities of CDs 
and the binding sites of the copolymers plays a key role in the formation of the self-
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assembly structures, which further determine the properties of the supramolecular 
systems. 
   The success of fabricated supramoecular self-assembly systems based on linear, star, 
and dendritic topological structure of polymers and CDs was a demonstration of the 
understanding the mechanism of the formation of supramolecular systems under host-
guest interactions with polymers and CDs. The approaches can be exploited further to 
much more complex systems with the controllable topological structures and specific 
properties. 
 
6.2 Future work  
   Although this study demonstrated the fabrication of several supramolecular self-
assembly systems, the related properties and applications were not fully exploited. For 
further structure/property/application studies, we recommend that copolymers with 
certain functional groups/blocks should be adopted as components in the formed 
supramolcular systems with various applications. 
   Multifold reaction sites, hydrophilic, nontoxic properties make  CDs based 
supramolecular systems  potential candidates for many bio-related applications, such 
as drug delivery systems, sensor devices, and diagnostic systems; 1 for new materials, 
like supramolecular catalysts and templates for nanoporous materials.2,3 
  For the inclusion complexes between PCL–PTHF–PCL and CDs, ionic groups 
(cationic, anionic) and some biological ligands can be conjugated to the rim of CD 
after sealing both ends of the pesudopolyrotanxane with biodegradable stoppers, 
which could be used as vectors to delivery bio-active reagents such as genes, and drug. 
  Higher generations of PAMAM have more interior voids, which could be suitable 
host sites for some small molecule drugs. If Pluronic replace PEG in the micelle-like 
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